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ABSTRACT

The treatment of municipal sewage at publicly owned treatment works (POTWs) leads to the
production of considerable amounts of residual solid material known as sewage sludge, which is
widely used in agriculture and land reclamation. Elevated levels of naturally-occurring and
man-made radionuclides have been found in sewage sludge samples, suggesting the possible
radiation exposure of POTW workers and members of the public. The Interagency Steering
Committee on Radiation Standards (ISCORS) therefore conducted a limited survey of
radioactivity in sewage sludge across the United States. Concurrently, to assess the levels of the
associated doses to people, it undertook to model the transport of the relevant radionuclides from
sewage sludge into the local environment. The modeling work consisted of two steps. First,
seven general scenarios were constructed to represent typical situations in which members of the
public or POTW workers may be exposed to sewage sludge. Then, the RESRAD multi-pathway
environmental transport model generated sewage sludge concentration-to-dose conversion
factors. This report describes the results of this dose modeling effort, and provides a complete
description and justification of the dose assessment methodology.

PAPERWORK REDUCTION ACT STATEMENT

This NUREG contains information collection requirements that are subject to the Paperwork
Reduction Act of 1995 (44 U.S.C. 3501 et seq.). These information collections were approved
by the Office of Management and Budget, approval numbers 3150-0014 and 3150-0189.

PUBLIC PROTECTION NOTIFICATION

The NRC may not conduct or sponsor, and a person is not required to respond to, a request for
information or an information collection requirement unless the requesting document displays a
currently valid OMB control number.

Final, February 2005 iii ISCORS Technical Report 2004-03






CONTENTS

ABSTRACT .ottt it iiitieteteeasnensesesssassssssssnsasnssnsnns il
CONTENT S ittt i ittt ittieanenenensasssansnensassssssnsnsasnns v
ACKNOWLEDGMENTS .ttt iiiiiiiettietneacsenesssasncnannnnns xi
EXECUTIVE SUMMARY .. .tiiiiiiiiiiiitiittitieienensasssenencasasnnanes xiii
1 INTRODUCTION ...ttt iiiitittienenensasasanencasasnnnnas 1-1
1.1 BACKGROUND . ..o e 1-1
1.2 PREVIOUS DOSE ASSESSMENTS OF
RADIONUCLIDES IN SEWAGE SLUDGE .......... .. ... ... ..... 1-2
1.3 PURPOSE OF THE PRESENT ASSESSMENT ........ .. ... ... ...... 1-3
1.4  GENERAL APPROACH . ... ... e 1-4
1.5 ORGANIZATION OF THISREPORT ......... ... .. ... ... . ... 1-4
2 ASSESSMENT METHODS OVERVIEW ... ... . ittt 2-1
2.1 OUTLINE OF THIS DOSE ASSESSMENT ........ ... ... . ... .. .... 2-1
2.2 EXPOSURE SCENARIOS . ... ... . 2-1
23 SELECTION OF THE MODEL CODE ......... ... ... .. .. ... .... 2-2
24  PARAMETER VALUES AND DISTRIBUTIONS ..................... 2-5
24.1 FIXED VALUE AND DISTRIBUTIONS FOR
MODELING PARAMETERS . ... ... .. 2-5
2.4.2 USE OF DISTRIBUTIONS IN
DETERMINISTIC CALCULATIONS ....... .. ... ... ... ... ... 2-7
2.4.3 PRIORITIES IN PARAMETER SELECTION . .................. 2-7
2.5 INTERPRETATION OF RESULTS OF
THE PROBABILISTIC CALCULATIONS ... ... ... . ... .. ... .. 2-7
2.6 SENSITIVITY, UNCERTAINTY, AND VARIABILITY ................ 2-7
2.7 ASSESSMENT OF CONTRIBUTIONS FROM
INDOOR RADON PATHWAY ... ... 2-8
2.8 LIMITATIONS OF THE CURRENT ASSESSMENT ................... 2-8
2.8.1 SOURCES . ... 2-9
2.8.2 SCENARIOS . .. 2-9
2.83 MODELS ... 2-9
3 SOURCE ANALYSES AND RELATEDISSUES .......ccciiiiiiiiiiin. 3-1
3.1 RADIONUCLIDES CONSIDERED IN THE DOSE ASSESSMENT . ...... 3-1
3.2 LAND APPLICATION SCENARIOS ...... .. ... ... . .. .. ... ... 3-4
3.2.1 SPECIFIC ACTIVITY IN SOIL-SLUDGE MIXTURE ............ 3-4
3.2.2 MULTIPLE YEARS OF
APPLICATION AND WAITING PERIODS .................... 3-5
3.23 OFFSITE AIR EXPOSURES ... ... ... . . . .. 3-7
33 LANDFILL/IMPOUNDMENT NEIGHBOR SCENARIO ............... 3-9
3.4  INCINERATOR NEIGHBOR SCENARIO .......... ... .. ... ... .... 3-10
3.5 SLUDGE/ASH MANAGEMENT SCENARIOS ...................... 3-14
3.5.1 SLUDGE APPLICATION WORKER SOURCE ................ 3-14
3.5.2 PUBLICLY OWNED TREATMENT WORKS
WORKER SOURCE ... ... . 3-14

Final, February 2005 v ISCORS Technical Report 2004-03



4 EXPOSURE SCENARIOS ... tiiiiiiiiiiiiiiiiiiiititntteeasncnenncnns 4-1

4.1 ONSITE RESIDENT . . ... e 4-1
4.2  RECREATIONAL USER ON RECLAIMED LAND SCENARIO ......... 4-5
43  NEARBY TOWN RESIDENT SCENARIO . ......... ... . ... ... ..... 4-9
44  LANDFILL/SURFACE IMPOUNDMENT NEIGHBOR SCENARIO ..... 4-12
4.5 INCINERATOR NEIGHBOR SCENARIO .......... ... . ... .. ..... 4-17
4.6 SLUDGE APPLICATION WORKER SCENARIO .................... 4-20
4.7  PUBLICLY OWNED TREATMENT WORKS WORKER SCENARIO ... 4-23
4.7.1 SLUDGE SAMPLING ....... ... i, 4-23
4.7.2 SLUDGE PROCESSING WITHIN
PUBLICLY OWNED TREATMENT WORKS ................. 4-24
4.7.3 BIOSOLIDS LOADING/STORAGE .............. ... ... ..... 4-24
S SENSITIVITY, AND UNCERTAINTY AND VARIABILITY ........cccevuen 5-1
5.1 SENSITIVITY ..o e 5-1
5.2 SCENARIO UNCERTAINTY AND VARIABILITY ................... 5-1
52.1 EXPOSURE ENVIRONMENT ........ ... ... ... .. ... ... 5-1
5.2.2 EXPOSED POPULATIONS: CHILDREN/INFANTS ............ 5-1
53 PARAMETER UNCERTAINTY AND VARIABILITY ................. 5-2
54  MODEL UNCERTAINTY . ... .. i 5-5
54.1 TREATMENT OF SURFACE WATER ....... ... ... ... .. .... 5-5
5.4.2 OFFSITE EXPOSURES . ... ... . 5-5
5.4.3 INFILTRATION RATE FOR LANDFILLS/SURFACE
IMPOUNDMENTS ... 5-6
6 SUMMARY OF DOSE-TO-SOURCE RATIOS ........ciiiiiiiiiiienennn. 6-1
6.1 INTRODUCTION . .. e 6-1
6.2  LAND APPLICATION SCENARIOS ...... ... . ... . .. .. ... ... 6-1
6.3 LANDFILL NEIGHBOR SCENARIO ....... ... ... ... .. . .. 6-8
6.4  INCINERATOR NEIGHBOR SCENARIO ............... ... ... .... 6-12
6.5 OCCUPATIONAL SCENARIOS .. ... . 6-13
6.5.1 SLUDGE APPLICATION WORKER ..................... ... 6-13
6.5.2 PUBLICLY OWNED TREATMENT WORKS
WORKER SCENARIOS . ... ... . 6-15
7 RADIATION DOSES CORRESPONDING TO THE RESULTS OF THE
ISCORS PUBLICLY OWNED TREATMENT WORKS SURVEY ........... 7-1
7.1 RADIATION DOSES CORRESPONDING TO
SURVEY SAMPLE ACTIVITIES ....... ... ... . . . . ... 7-1
7.2 CALCULATED DOSES FOR LAND APPLICATION SCENARIOS ...... 7-3
7.3 CALCULATED DOSES FOR
LANDFILL/IMPOUNDMENT NEIGHBOR SCENARIO ............... 7-4
74  CALCULATED DOSES FOR PUBLICLY OWNED
TREATMENT WORKS INCINERATOR NEIGHBOR SCENARIO ....... 7-4
7.5 CALCULATED DOSES FOR PUBLICLY OWNED
TREATMENT WORKS SLUDGE/ASH WORKER SCENARIOS ......... 7-4
7.6  UNCERTAINTY AND VARIABILITY IN CALCULATED DOSES ...... 7-5
8 CONCLUSIONS ittt iitiittetteneneasnsssanensasnsnsancnnas 8-1
9 REFERENCES ... ittt iittttetenenanacnsnsnananns 9-1

ISCORS Technical Report 2004-03 vi Final, February 2005



FIGURES

B.1 Graphical Representation of Pathways Considered in RESRAD .............. B-2
B.2 Graphical Representation of Pathways Considered in RESRAD-BUILD ....... B-3
B.3 Parameter Distribution Input Screen ............ ... ... .. ... . ... B-4
B.4 Parameter Distribution Help Screen ........... ... .. ... ... ... .. .. ...... B-5
TABLES
ES.1 Calculated Total Peak Dose from Survey Samples: Summary Results With and
Without Indoor Radon Contribution (mrem/year) .......................... XX1
1.1 Hypothetical Maximum Doses (mrem/year) .................c.cvvirernn... 1-3
2.1 Comparisonof Models . . ... ... 2-4
2.2 Scenarios and Models in this Assessment ................................ 2-5
3.1 Radionuclides Included in the Dose Assessment . ......................... 3-2
3.2 Values of Deposition Velocity and Dispersion Factor, P/Q, for the Various
Radionuclides, Computed for the Nearby Town Scenario by CAP88-PC, for Input to
RESRAD-OFFSITE . . ... e e 3-8
33 Municipal Solid Waste Source Characteristics ............................ 3-9
34 Values of Deposition Velocity and Dispersion Factor, P/Q, for the Various
Radionuclides, Computed for the Landfill Neighbor Scenario by CAP88-PC, for
Input to RESRAD-OFFSITE .. ... . . 3-10
35 Incinerator Control Efficiencies, CE, and Release Rates, R release , for Various
Radionuclides . . ... ... 3-11
3.6 Values of Deposition Velocity and Dispersion Factor, P/Q, for the Various
Radionuclides, Computed for the Incinerator Neighbor Scenario by CAP88-PC, for
Input to RESRAD-OFFSITE . ... ... i 3-12
3.7 Decay Factor Adjustments for Incinerator Neighbor Scenario ............... 3-13
4.1a Onsite Resident Scenario Pathways . ............ ... ... ... ... ... ... ...... 4-4
4.1b Onsite Resident Scenario and Sub-Scenario Parameters and Distributions ... ... 4-5
4.2a Recreational User on Reclaimed Land Pathways .......................... 4-7
4.2b Recreational User Scenario Parameters and Distributions ................... 4-8
4.3a Nearby Town Resident Pathways ........... ... ... .. ... .. ... ... ....... 4-10
4.3b Nearby Town Resident Scenario and Sub-Scenario Parameters and Distributions
................................................................. 4-11
4.4a Landfill Neighbor Pathways—Post-Monitoring Period .................... 4-14
4.4b Landfill Neighbor Scenario Parameter and Distributions—Post-Monitoring Period
................................................................. 4-15
4.5a Incinerator Neighbor Pathways . ......... ... ... ... ... ... .. ... ....... 4-18
4.5b Incinerator Neighbor Scenario Parameters and Distributions ................ 4-19

Final, February 2005 vii ISCORS Technical Report 2004-03



4.5b
4.6a
4.6b
4.7a
4.7b
5.1
5.2
6.1
6.2
6.3
6.4
6.5

6.6

6.7

6.8

6.9

6.10
6.11
6.12

6.13

6.14a

6.14b

6.15
7.1

7.2
7.3

A.l
A2
A3

Incinerator Neighbor Scenario Parameters and Distributions ................ 4-20
Agricultural Application Worker Pathways ......... ... .. .. ... .. ..... 4-21
Agricultural Application Worker Scenario Parameters and Distributions .. .... 4-22
ALl POTW Worker Pathways . .. ....... ... i 4-26
General POTW Worker Sub-Scenario Parameters and Distributions .......... 4-27
Parameters and their Uncertainties and Variability ... ................... ... 5-2
Parameter Uncertainty/Variability Results . .............................. 5-4
Onsite Resident Scenario Total DSR Results (mrem/yr per pCi/g) . ............ 6-2
Onsite Resident Scenario Indoor Radon DSR Results (mrem/yr per pCi/g) .. .. .. 6-4
Recreational User Scenario Total DSR Results (mrem/yr per pCi/g) ........... 6-5
Nearby Town Scenario Total DSR Results (mrem/yr per pCi/g) .............. 6-6
Landfill Neighbor Scenario (Municipal Solid Waste) Total DSR Results (mrem/yr per
PO ) oo 6-8
Landfill Neighbor Scenario (MSW) Indoor Radon DSR Results (mrem/yr per pCi/g)
................................................................. 6-10
Landfill Neighbor Scenario (Surface Impoundment) Total DSR Results (mrem/yr per
PO ) oo 6-10
Landfill Neighbor Scenario (Surface Impoundment) Indoor Radon DSR Results
(Mrem/yr per pCI/Z) . o .ot 6-11
Incinerator Neighbor Scenario Total DSR Results (mrem/yr per pCi/g) ....... 6-12

Sludge Application Worker Scenario Total DSR Results (mrem/yr per pCi/g) .. 6-13
POTW Sampling Worker Scenario Total DSR Results (mrem/yr per pCi/g) . ... 6-16
POTW Intra-POTW Transport Worker Scenario Total DSR Results (mrem/yr per

PO ) ot 6-17
POTW Intra-POTW Transport Worker Scenario Indoor Radon DSR Results
(Mrem/yr per pCI/g) . . oottt 6-18
POTW Biosolids Loading Worker Scenario Total DSR Results (mrem/yr per pCi/g)
................................................................. 6-19
POTW Biosolids Loading Worker Scenario Total DSR Results (mrem/yr per pCi/g)
forRa-226 and Th-228 . . ... ... . . e 6-20
POTW Biosolids Loading Worker Scenario Indoor Radon DSR Results .. ... .. 6-21
Calculated Total Peak Dose (Total Effective Dose Equivalent—-TEDE) from Survey
Samples: Summary Results With and Without Indoor Radon Contribution ... .. 7-2

Calculated Total Peak Radon Doses and Concentrations from Survey Samples .. 7-3
Source Variability and Parameter Variability and Uncertainty in Calculated Survey

Sample DOSes . . ..ot e 7-6
Baseline Values and Distributions for the K, Parameter .. .................. A-2
Baseline Values and Distributions for the Plant Transfer Factor ............. A-3
Baseline Values and Distribution for the Meat Transfer Factor .............. A-4

ISCORS Technical Report 2004-03 viii Final, February 2005



A4
A5
A.6
A7
A8
A9
A.10
A1l
B.1
C.1

C.2

C3

C4

C.S5

C.6

D.1
D.2
E.l
E.2
E3

E.4a

E.4b

E.5
E.6
E.7a
E.7b

E.7c

Baseline Values and Distributions for the Milk Transfer Factor ............. A-5
Baseline Values and Distributions for the Aquatic Food (Fish) Transfer Factor . A-6

Probability Distribution Notations Used in Baseline Parameter Tables ........ A-7
RESRAD Baseline Parameter Values and Distributions . ................... A-8
RESRAD Baseline Parameter Correlations for Probabilistic Analyses ....... A-21
RESRAD-Offsite Baseline Parameter Values and Distributions ............ A-22
RESRAD-Offsite Baseline Parameter Correlations for Probabilistic Analyses . A-56
RESRAD-BUILD Baseline Parameter Values and Distributions ............ A-60
Listing of Input Data and Information Needed for Sample Generation ......... B-6
Volatilization Fractions Recommended by Oztunali and Roles (1984) for the
Reference Pathological and Hazardous Waste Incinerators .................. C-4
Summary Range of Partitioning Values Found in the

Literature by Aabergetal. (1995a) ........ ... . . i C-4
Element Partitioning Assumptions Used by Aaberg et al. (1995a) ............. C-5

Summary of Data Presented by Liekhus et al. (1997) for
Normalized Mass Percent of Feed Element in Bottom Ash
(information adapted from Table 4-11 of Liekhusetal.) .................... C-7

Summary of Data Presented by Liekhus et al. (1997) for
Normalized Mass Percent of Feed Element Captured by the Air Pollution Control

System (information adapted from Table 4-12 of Liekhusetal.) .............. C-8
Average Control Efficiencies for the

Easterly, Southerly, and Westerly Incinerators ............................ C-9
Radon Dosimetry Conversions Used in RESRAD and RESRAD-BUILD ...... D-1
Time Fractions and WL to WLM Conversion Factors ..................... D-1
Onsite Resident DSR Percentiles (mrem/yr per pCi/g in Sewage Sludge) ....... E-2
Recreational User DSR Percentiles (mrem/yr per pCi/g in Sewage Sludge) .. ... E-3
Nearby Town DSR Percentiles (mrem/yr per pCi/g in Sewage Sludge)

(One Year of Application) .. ........uuintit it E-4
Landfill (Municipal Solid Waste) Neighbor

(mrem/yr per pCi/g in Sewage Sludge) ........... .. ... .. ... E-5
Landfill (Surface Impoundment) Neighbor

(mrem/yr per pCi/g in Sewage Sludge) ........... .. ... ..., E-6
Incinerator Neighbor (mrem/yr per pCi/g in Sewage Sludge) . ................ E-7
Sludge Application Worker (mrem/yr per pCi/g in Sewage Sludge) ........... E-8
POTW Worker: Biosolids Loading (mrem/yr per pCi/g in Sewage Sludge) .. ... E-9
POTW Worker: Biosolids Loading for Ra-226 and

Combinations of Air Exchange Rate and Building Height .................. E-10
POTW Worker: Biosolids Loading for Th-228 and

Combinations of Air Exchange Rate and Building Height .................. E-10

Final, February 2005 X ISCORS Technical Report 2004-03



APPENDICES

A

Baseline Parameter Values and Distributions . ............ ... .. ... ... ......... A-1
A.l Introduction . . ........ ... .. A-1
A2 Parameters Used in Multiple Codes . .. .......... ... ... ... .. .. ..... A-1
A3 Code-Specific Parameters ............ ... .. i A-7
RESRAD and RESRAD-BUILD Codes ...........ouiiiiniiininaann. B-1
B.1 Introduction . ....... ... ... . B-1
B.2 Probabilistic Modules . ....... ... .. . . B-4
B.2.1 OVerview . ..o B-4
B.2.2 SamplingMethod . ........ ... ... . .. B-5
B.2.3 Distribution of Parameters ... ........ ... .. .. .. .. . .. B-8
B.2.4 Probabilistic Results ........ ... ... . . . B-8
B.3 References . ...... ... B-9
Incinerator Control/Release Fractions . ............. ... .. . i, C-1
C.1 Introduction ... ...... ... . . C-1
C.2 Regulatory Values for Release Fraction .............................. C-1
C3 Assessment of Aabergetal. (1995a) ......... ... .. .. ... .. ... ... C-1
C4 Review by Liekhus etal. (1997) ...... ... .. .. . ... C-2
C.S5 Part 503 Metals Partitioning Information ............. ... ... .. ....... C-3
C.6 SUMMATY . ... e C-3
C.7 References ... ... ... C-9
Conversion Between Radon Doses and Working Level Concentrations ............. D-1
D.1 Dose- and Concentration-To-Source Ratios in Working Level Units . ... ... D-1
D.2 Development of Publicly Owned Treatment Works
Loading Worker Radon Dose Fitting Functions ....................... D-2
Probabilistic Percentiles for Dose-to-Source Ratios . ............................. E-1
Responses to Peer Review Comments on ISCORS Dose Modeling Document . ........ F-1
F.1 Overview of Peer/General Review Process ............................ F-1
F.2 Positive Comments .. ......... ...t F-3
F.3 Comments Requiring Response . ......... .. ... i, F-3
F.3.1 Documentation/Presentation ................. .. .. covinin.... F-3
F.3.2 Scenarios/Parameters . .......... ... F-4
F4 Modeling . .. ... e F-6
F.5 Sensitivity/Uncertainty . ............ouinitin e, F-7
F.6 Validation . . .. ..ot F-8

ISCORS Technical Report 2004-03 X Final, February 2005



ACKNOWLEDGMENTS

The Sewage Sludge Subcommittee of the Federal ISCORS (1) conducted a survey to collect
information concerning radioactive materials in sewage sludge and ash from POTWs;

(2) performed dose modeling to help with the interpretation of the results of the survey; and

(3) developed a guidance on radioactive materials in sewage sludge and ash for POTW owners
and operators. Subcommittee members who actively participated in the development of the three
reports associated with this project include the following (listed alphabetically):

Lee Abramson, NRC/Office of Nuclear Regulatory Research

Kevin Aiello, Middlesex County (New Jersey) Utilities Authority

James Bachmaier, DOE/Office of Environment, Safety and Health

Bob Bastian, EPA/Office of Wastewater Management

Lydia Chang, NRC/Office of Nuclear Material Safety and Safeguards
Weihsueh Chiu, EPA/Office of Research and Development

Chris Daily, NRC/Office of Nuclear Regulatory Research

Mark Doehnert, EPA/Office of Radiation and Indoor Air

Giorgio Gnugnoli, NRC/Office of Nuclear Material Safety and Safeguards
Paula Goode, EPA/EPA/Office of Radiation and Indoor Air

Jenny Goodman, New Jersey Department of Environmental Protection
Dale Hoffmeyer, EPA/Office of Radiation and Indoor Air

Rosemary Hogan, NRC/Office of Nuclear Regulatory Research

Anthony Huffert, NRC/Office of Nuclear Material Safety and Safeguards
Andrea Jones, NRC/Office of Nuclear Regulatory Research

Judy Kosovich, DOE/Office of General Counsel

Tom Lenhart, Northeast Ohio Regional Sewer District

Jill Lipoti, New Jersey Department of Environmental Protection

Roy Lovett, Department of Defense

Tin Mo, NRC/Office of Nuclear Regulatory Research

Donna Moser, NRC/Region II, Division of Nuclear Materials Safety
Robert Neel, NRC/Office of Nuclear Material Safety and Safeguards

Bob Nelson, NRC/Office of Nuclear Material Safety and Safeguards
Tom Nicholson, NRC/Office of Nuclear Regulatory Research

Tom O’Brien, NRC/Office of State and Tribal Programs

William R. Ott, NRC/Office of Nuclear Regulatory Research

Hal Peterson, DOE/Office of Environment, Safety and Health

Alan Rubin, EPA/Office of Water

Steve Salomon, NRC/Office of State and Tribal Programs

Patricia Santiago, NRC/Office of Nuclear Material Safety and Safeguards
Dave Saunders, EPA/National Air and Radiation Environmental Laboratory
Duane Schmidt, NRC/Office of Nuclear Material Safety and Safeguards
Loren Setlow, EPA/Office of Radiation and Indoor Air

Behram Shroff, EPA/Office of Radiation and Indoor Air

Phyllis Sobel, NRC/Office of Nuclear Material Safety and Safeguards
Scott Telofski, EPA/National Air and Radiation Environmental Laboratory
Mary Thomas, NRC/RIII, Division of Nuclear Materials

Final, February 2005 xi ISCORS Technical Report 2004-03



Mary Wisdom, EPA/National Air and Radiation Environmental Laboratory
Anthony Wolbarst, EPA/Office of Radiation and Indoor Air

The Subcommittee acknowledges the technical support provided by staff of the Environmental
Assessment Division of Argonne National Laboratory in performing these calculations and in
helping prepare this report. These individuals include the following (listed alphabetically):

Jing-Jy Cheng

Sunita Kamboj
Charley Yu

ISCORS Technical Report 2004-03 xii Final, February 2005



EXECUTIVE SUMMARY

INTRODUCTION

The processing of municipal sewage at publicly owned treatment works (POTWs) leads to the
production of considerable amounts of residual waste materials known as sewage sludge or
biosolids. In addition, some POTWs incinerate sewage sludge onsite, producing a dry ash
residual.

Sewage sludge contains detectable amounts of radioactive materials. In addition, sewage
flowing into a POTW can include anthropogenic materials exempt from regulatory control, such
as excreta from individuals undergoing medical diagnosis or therapy, and discharges of limited
quantities of radioactive materials from some licensees of the U.S. Nuclear Regulatory
Commission (NRC) and NRC Agreement State licensees. NRC estimates that of the more than
22,000 regulated users of Atomic Energy Act (AEA) radioactive materials, about 9,000 have the
potential to release radioactive materials to municipal sewer systems.

Other sources of radioactive materials that may enter sewage collection systems include: storm
water runoff, groundwater, surface water, residuals from drinking water treatment plants, and
waste streams from certain industries (e.g., ceramics, electronics, optics, mining, petroleum,
foundries, and pulp/paper mills). All of these waste streams may contain naturally occurring
radioactive materials (NORM), including naturally occurring radioactive materials whose
radionuclide content, or the potential for exposure to humans and the environment, has been
technologically enhanced by human activities (TENORM). Federal and State regulations limit
the amounts of anthropogenic sources and some sources of TENORM that could otherwise be
intentionally disposed of in the sewage systems. These regulations, however, do not apply to all
sources of NORM and TENORM.

Sewage treatment processes include filtration, precipitation, and other techniques for removing
solids and associated trace heavy metals from the wastewater prior to discharge. These same
processes, however, will inadvertently cause radioactive materials that entered the sewer system
to become concentrated in the sewage sludge, and POTW workers managing the sludge will be
exposed to small amounts of radiation from these materials.

Treated sewage sludge is often applied to land as a source of organic material or nutrients as a
part of agricultural and land reclamation operations. As a result, equipment operators who apply
the sewage sludge, farmers, consumers of the farm products, or those who spend time on
reclaimed land, will be exposed to small amounts of radiation from radioactive materials in the
sewage sludge. The current Federal regulation at 40 CFR Part 503, which applies to the use or
disposal of sewage sludge, limits levels of heavy metals and pathogens. At present, however,
there are no Federal regulations in place that limit levels of radioactive materials in sewage
sludge or ash.

There have been no identified situations in the U.S. where radioactive materials in sewage sludge
have posed a significant threat to the health and safety of POTW workers or the general public.
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There are, however, a number of facilities where elevated levels of radioactive materials have
been detected. Also, some states have identified cases where radium from drinking water
treatment residuals has been concentrated in sewage sludge. These situations made clear the
need to assess the levels of radionuclides present in sewage sludge and ash around the country,
and to assess the potential for human exposure to such materials.

In response to that need, and to Congressional interest, the Federal Interagency Steering
Committee on Radiation Standards (ISCORS) formed a Sewage Sludge Subcommittee to assess
the levels of radioactivity in sewage sludge and ash nationwide, and to determine whether there
is a public health problem that needs to be addressed'. The Subcommittee conducted a limited,
voluntary survey involving samples from 313 POTWs across the United States, and has used the
results of that survey to evaluate potential human exposure to radiation from radioactive
materials in sewage sludge and ash. In a Federal Register notice published on

November 26, 2003 (68 FR 66503), ISCORS announced the availability of a final report entitled
ISCORS Assessment of Radioactivity in Sewage Sludge: Radiological Survey Results and
Analysis (ISCORS 2003-02). That report has also been posted on the ISCORS website
(http://www.iscors.org), along with the associated survey data base.

The Federal Register notice also requested public comments on two associated documents. The
present document, ISCORS Assessment of Radioactivity in Sewage Sludge: Modeling to Assess
Radiation Doses (ISCORS 2004-03), is the final version of a report on the dose modeling
conducted by ISCORS. It contains revisions made in response both to a formal scientific peer
review and to valuable comments from the public. The report is intended to be complete, such
that when used in conjunction with the RESRAD family of environmental pathway modeling
codes, every result in it can be independently reproduced by other modelers.

The other document was a draft report, now finalized as ISCORS Assessment of Radioactivity in

Sewage Sludge: Recommendations on Management of Radioactive Materials in Sewage Sludge
and Ash at Publicly Owned Treatment Works (ISCORS 2004-04).

GENERAL APPROACH TO THE MODELING

The Subcommittee undertook this analysis of possible doses to POTW workers and members of
the general public for two primary purposes: (1) to assist in interpreting the survey results and
assessing the potential exposures, and (2) to support development of recommendations to POTW
operators.

The general approach of the study consisted of two steps. First, a suitable number of generic
scenarios, encompassing multiple environmental transport and exposure pathways, were

1 ISCORS is co-chaired by the U.S. Environmental Protection Agency (EPA) and the U.S. Nuclear Regulatory
Commission (NRC), and also has representatives from the U.S. Departments of Energy (DOE), Department of
Defense (DOD), Health and Human Services (DHHS), and Labor (DOL), and observers from White House
Office of Management and Budget (OMB), the Office of Science and Technology Policy (OSTP), and various
states. Subcommittee members are representatives of EPA, NRC, DOE, the State of New Jersey, the Middlesex
County Utilities Authority, and the Northeast Ohio Regional Sewer District.
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designed so as to represent situations in which POTW workers or members of the public are
most likely to be exposed to sewage sludge through typical sludge management practices. Then,
assuming a reference specific activity (1 picocurie per gram of dry sewage sludge, or

37 Becquerel per kilogram, in SI units) of a single radionuclide, a widely-accepted, stochastic,
multi-pathway environmental transport model (RESRAD) was employed to obtain a
radionuclide-specific sludge concentration-to-dose conversion factor for every scenario.

The selection of radionuclides for consideration was based primarily on the results of the
ISCORS survey of sewage sludge and ash at various POTWs, and the selected radionuclides
include manmade and naturally-occurring isotopes. The survey reported the detection of

8 radionuclides (Be-7, Bi-214, I-131, K-40, Pb-212, Pb-214, Ra-226, and Ra-228) in more than
200 samples. The dose modeling covers these radionuclides, along with others found by
spectroscopy during the full ISCORS survey. Several radionuclides not identified in the POTW
survey have been included in the analysis because they are either a parent or a daughter of a
radionuclide that was found in the survey (e.g., Ac-227, Np-237, Pa-231, Po-210, Th-229,
U-233, and Xe-131m).

The output of the modeling was a set of dose-to-source ratios (DSRs), one for each combination
of radionuclide and scenario. DSRs are factors for converting specific activities (concentrations,
in pCi/g or Bq/kg) of radionuclides in sewage sludge to the peak Total Effective Dose
Equivalent (TEDE, in rems or sieverts) occurring over the 1000-year calculational period.

This dose modeling analysis was probabilistic. A probabilistic (also known as a stochastic or
Monte Carlo) calculation allows study of the uncertainty in dose assessment caused by uncertain
input parameters. The dose calculations were repeated multiple times as certain parameters
randomly assume ranges of numbers to reflect the uncertainties in the parameter values; each of
these calculations generates its own DSR. The results were presented in a cumulative
distribution function table, which records the probability that the “true” DSR-value is at or below
any specified value. The 95%-DSR value for some radionuclide and scenario, for example, is
greater than 95% of the hundreds of DSR-values calculated in the analysis, and smaller than only
5% of them. In other words, in 95% of the situations that might be modeled in this manner, the
“true” DSR would be less than its listed 95"™-percentile value, and in the majority of cases, it
would be much less.

The dose modeling scenarios cover a wide range of typical exposure conditions found across the
country, and they allow for considerable variability. Guided in part by examples from previous
dose assessments by DOE, EPA, and NRC, ISCORS developed scenarios that are simple and
generic (i.e., not based on the unique characteristics of any particular site or sites), and the
scenarios are general enough to account for the most common sewage sludge and ash
management practices. The scenarios represent a variety of different uses or disposal options for
sewage sludge, and consider those situations where radiation exposures are most likely to occur.
For each scenario, all the standard environmental transport and exposure pathways were
incorporated: direct exposure to gamma rays resuspension of dust; inhalation of dust and indoor
and outdoor radon; leaching into groundwater; and ingestion of well and surface water,
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vegetables, fruit, meat, milk, and fish, any of which are obtained or produced onsite—along with
ingestion of small amounts of soil. The seven scenarios are:

Exposure Onsite

1. Residents of a house built on a former agricultural field where sewage sludge was applied

2. Recreational visitors to a park where sewage sludge has been used in land reclamation

Exposure on Neighboring Site

3. Residents of a town near a sewage sludge land-application site
4. Neighbors of a landfill that contains sewage sludge or ash

5. Neighbors of an operating sludge incinerator

Occupational Exposure

6. Workers who operate equipment to apply sewage sludge to agricultural lands

7. Workers at a POTW involved in sewage sludge sampling, transport, or loading operations.

These scenarios were designed to form the basis for performing conservative but realistic
assessments of the doses of ionizing radiation associated with typical sewage sludge
management practices. They were not intended to represent ‘worst case’ scenarios.

After a number of computer-based environmental pathway models were considered for use in
this effort, the RESRAD family of codes, including RESRAD version 6.0, RESRAD-BUILD
version 3.0, and RESRAD-OFFSITE version 1.0, was selected largely because of its flexibility
in scenario development (RESRAD 2000). RESRAD contains the necessary data on most
relevant radionuclides. Other radionuclides were added for this effort. While all transport and
exposure pathways of interest are included, the codes employ a manageable number of
parameters (about 140 for RESRAD, 300 for RESRAD-OFFSITE, and 40 for RESRAD-BUILD)
and contain built-in sensitivity and probabilistic uncertainty analysis modules. RESRAD is
widely used, well documented, and user-friendly, so that the calculations can be readily
replicated or modified by others.’

Because Scenarios 1, 2, and 6 involve only onsite receptors, their doses can be estimated using
RESRAD Version 6. Scenarios 3, 4, and 5 are complicated by offsite transport and are examined
with the RESRAD-OFFSITE code; as part of the calculation, the CAP88-PC code accounts for
airborne transport of radioactive material away from the source. Some workers at the POTW

2 RESRAD-OFFSITE is a recent addition to this family of codes. It implements the same general approach that is
used in many other codes for simple offsite transport problems, and should be generally acceptable to experts in
the field for relatively simple generic calculations, but it is not yet well documented or extensively used.
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(Scenario 7) spend a considerable amount of time indoors, requiring the use of the RESRAD-
BUILD code.

For nearly all the modeling parameters, a set of baseline parameter values and distributions,
which do not change from scenario to scenario, were selected for application to all seven
scenarios. Many of these parameter values and distributions are RESRAD default values, and
others appear in EPA’s Exposure Factors Handbook (EPA 1997), NRC’s NUREG/CR-6697
(NRC 2000b), and similar compilations. Human metabolic and behavioral data, such as
inhalation and ingestion rates under various conditions, were based on national databases that are
generally accepted by regulatory agencies such as EPA and NRC. On those few occasions that
standard generic and default values and distributions were not adopted, explanations are
provided.

The relatively small number of parameter values and distributions that are scenario-specific and
distinguish the scenarios from one another may be thought of as variations from the baseline.
These have been tabulated explicitly for each scenario.

The computation of soil concentration is complicated by radionuclide decay and ingrowth, and
by leaching and erosion. This is especially true for Scenarios 1, 3, 5, and 6, for which there are
multiple sewage sludge applications over a period of years. RESRAD does not currently
compute out Monte Carlo calculations that involve more than one sewage sludge application. To
extrapolate from single-year (obtained with a probabilistic calculation) to multiple-year
application, approximate scaling factors have been developed and presented in tables, as
described in the report.

EXPOSURE SCENARIOS AND
ASSOCIATED MODELING PARAMETERS

The assessment for every exposure scenario starts off with the creation of a conceptual model of
the site. This model describes the spatial and temporal distribution of sewage sludge/ash in
surface soil (the source term), the characteristics of the sub-surface soil, the occurrence of
surface and ground water, the abundance of vegetation, and the presence of farm animals. Also
crucial are the environmental transport and human exposure pathways potentially at work, such
as the blowing of dust by wind, irrigation of fodder with groundwater, and the behavioral
patterns of the humans who may be exposed.

The description of each scenario is then expressed, to the extent possible, as a specific set of
parameter values and distributions chosen as inputs to the relevant RESRAD code. The
selection of a particular model (with its built-in assumptions and approximations) and a set of
parameter values and distributions (baseline plus any that are site-specific) completely defines
the characteristics of the site and of the exposed population for the dose calculation.

The scenario description and the associated set of input parameters establish the degree of

conservatism of the modeling. The scenarios in this study were modeled using “realistic”
distributions and values for most pathway and exposure parameters. The objective was to

Final, February 2005 XVii ISCORS Technical Report 2004-03



estimate doses to the individuals most likely to be exposed to radioactive material from sewage
sludge (i.e., “members of the critical group”) for each scenario, and 95"™-percentile DSR values
were adopted for the assessment. The critical group consists of the sub-population with
relatively high exposure to sewage sludge; the scenarios represent reasonably conservative
conditions for calculating doses.

The Seven Exposure Scenarios

1. In risk assessments, the resident farmer family is often modeled as a reasonable but bounding
case study. But many new houses are now constructed on former farmlands near urban areas;
so the report considers the similar, but much more common, situation of Onsite Residents who
inhabit a home built on land previously used for farming, and who ingest some water and food
obtained onsite. The source of radioactive material is a farm-field that was amended with
sludge-based fertilizer either one time recently, or annually for the past 5 years, 20 years,

50 years, or 100 years. (Very few land application sites in the country are known to have
applied sewage sludge annually for more than 20 years; the 50- and 100-year computations
were included primarily for consistency with the technical support for EPA’s Standards for
the Use or Disposal of Sewage Sludge at 40 CFR 503, as a check on the data analysis
methodology, and to assist POTW operators in their consideration of future sewage sludge
management practices.)

2. A Recreational User occasionally spends time on land that was severely disturbed by mining
or excavation, followed by a reclamation effort that included a single large application of
sewage sludge and other soil additives. Three years after a sludge application, when a
sustainable vegetative cover is in place, the site is opened to the public, but exclusively for
hiking, camping, picnicking, boating, hunting, fishing, and other recreational uses.

3. The Nearby-Town Resident scenario assesses the doses to members of the critical group who
live in a town, the proximal edge of which is located about 0.8 km (0.5 mile) downwind and
downstream (for both ground- and surface-water) from an agricultural field where sludge has
been applied for one or more years. All exposure pathways involve physical transport (and
dilution) of radionuclides from the source field to the town or to neighboring fields, mainly
through airborne transport of contaminated dust.

4. Two sub-cases for the Landfill/Surface Impoundment Neighbor scenario were designed for the
study of the near-surface burial of sludge and ash: (1) a 1-hectare (about 2 acres),
2-meter-deep municipal solid waste (MSW) landfill; and (2) a surface impoundment of the
same dimensions. Either form of disposal could affect someone who lives in a house sited
150 meters from the boundary, does some gardening, and raises a few animals for personal
consumption.

5. The Incinerator Neighbor scenario considers the potential for exposure of a member of the
public residing near a typical sewage sludge incineration facility. The incinerator burns
de-watered sludge on an ongoing basis, and the resulting particulate-containing exhaust gas is
released from the top of a stack as a plume, some of which settles onto the neighbor’s
property. An exposed individual resides on a small farm located at the downwind point of
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maximum average radionuclide air-concentration at ground level, and receives dose from
external exposure, inhalation, and ingestion.

6. A Sludge Application Worker typically drives or works on a truck, tractor, or other vehicle
that dispenses liquid, de-watered, or dried sludge at a constant rate on fields. The sources of
exposure will be the field itself and, to a lesser extent, the sludge loaded on the truck, but the
vehicle itself provides distance and some shielding from the source material. These exposures
are calculated both for the sludge being applied at the time as well as sludge applied from
previous applications (for 5 years, 20 years, 50 yeasr, and 100 years).

7. There is a high degree of variability in the jobs that POTW Workers perform when treating
and handling sludge. Still, there appear to be at least three tasks that are representative and
that may give rise to relatively high exposures to the sludge. These involve sludge sampling
and sample transport to the lab for analysis, sludge transport on an open conveyor belt, and
biosolids loading operations (e.g., filling trucks with sludge using a front-end loader). For all
three sub-scenarios, exposures are due primarily to direct gamma exposure and radon (if
radon precursors are present). For biosolids loading, dust inhalation also is a possible
exposure pathway.

RADIATION DOSES CORRESPONDING TO THE
ISCORS SURVEY RESULTS

Given a set of measured radionuclide activities in a real sewage sludge or ash sample from the

POTW Survey, the computed DSRs for each of the seven hypothetical scenarios can be used to
estimate the corresponding doses that potentially would be imparted to members of the critical

population group.

For every scenario and radionuclide combination, the dose was calculated, using the 95"-
percentile DSR, for every sludge and ash sample from the ISCORS national survey. The results
were ordered as an increasing sequence of dose values; the 95™-percentile dose is that which
exceeds 95% of the set of calculated doses. The median and the 95"-percentile values were
tabulated and presented in this report.

The only non-POTW scenario of potential concern is the onsite resident who, as expected,
received the highest dose. The greatest contributors to dose are NORM or TENORM sources,
and the pathway of greatest importance is that of indoor radon-222 and its daughters. Radon is
responsible for 65%—75% of the calculated doses, and direct gamma ray exposure from radium
for another 20%.

For some long-lived radionuclides that do not percolate rapidly through soil (in particular,
Ra-226), doses scale approximately linearly with number of applications. But when interpreting
the dose to the On-site Resident for 100, or even 50, applications, one should bear in mind that
these two long-term subscenarios were not included in the modeling out of any expectation that
many such sites will exist in the foreseeable future.
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The most exposed POTW employee is the Loading Worker. NORM and TENORM are again
the primary source, and indoor radon is dominant, with Rn-220 and Rn-222 and their daughters
responsible for 94% of the total calculated dose. As with the Onsite Resident, however, the
radon dose for this subscenario is highly dependent on the particular characteristics of the site, in
this case, on the details of the air-exchange rate and the size of the room that contains the sludge.

The TEDE results (both with and without the indoor radon contribution) for the 95"-percentile
concentration values from the ISCORS survey are summarized in Table ES-1.

CONCLUSION

This report describes the methodology and the results of computations undertaken to assess the

potential radiation exposures associated with the handling, and the disposal or beneficial use, of
sewage sludge that contains naturally occurring or man-made radioactive materials. A primary

objective of the study has been to provide perspective on the levels of radionuclides detected in

the ISCORS POTW Survey, taking into account typical sludge management practices.

The scenarios are intended to represent realistic situations that are likely to lead to conservative,
but not worst-case, radiation exposure assessments. While it has not been feasible to consider a
large number of distinct hypothetical situations, great effort has been made to ensure that the
scenarios constructed and analyzed here represent a reasonable range of exposure conditions,
without being overly conservative. In unique or unusual circumstances, real site-specific
exposures may be greater.’

3 Application of the modeling framework described here, but with site-specific values and distributions for
sensitive parameters, may provide a helpful preliminary analysis for the POTW operator who seeks to evaluate
levels of radioactive materials detected in sludge or ash. A comprehensive site assessment, however, might
require adoption of a more detailed, site-specific model to account for actual site conditions.
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Table ES.1 Calculated Total Peak Dose from Survey Samples: Summary Results
With and Without Indoor Radon Contribution (mrem/year)

95% sample
Dominant
TEDE TEDE w/o Rn Radionuclide(s)
Scenario Subscenario (mrem/yr) (mrem/yr) [pathways]
S1—Onsite 1 year of appl. 3 1 Ra-226 [indoor
Resident 5 14 4.9 radon]
20 55 16
50 * 130 37
100 * 260 69

S2— N/A 0.22 -- Ra-226 [external]

Recreational User

S3—Nearby Town 1 yr of appl. 3.2¢-03 -- Ra-226 [outdoor

5 0.014 - radon]
20 0.045 --
50 * 0.094 --
100 * 0.17 --
S4—Landfill MSW - Sludge 0.027 0.01 Ra-226 [indoor
radon]
MSW - Ash 0.041 0.014 Ra-226 [indoor
radon]
Impoundment 1.2 0.36 Ra-226 [indoor
radon]

S5—Incinerator N/A 7.7 -- multiple [multiple]

S6—Sludge 1 yr of appl. 0.15 -- Ra-226 [external]

Application Worker | 5 0.77 B

20 3 --
50 * 7.4 --
100 * 15 --

S7T—POTW Sampling 4.9¢-07 -- Ra-226 [external]

Workers (mrem/sample)

Transport 1.9¢-04 5.6e-05 Th-228 [indoor

(mrem/hr) radon, external]

Loading 17-70% 13 Ra-226, Th-228
[indoor radon]

Notes:

* There are very few land application sites in the country that are known to have applied sewage sludge annually for more than 20 years;
the 50- and 100-year computations were included as a check on the data analysis methodology, and for the information of POTW
operators in their consideration of future sludge management practices.

§  Range represents results from the nine combinations of air exchange rate and room height (see Section 4.7.3).

—  All values rounded to two significant figures.

—  95% DSRs are used in all total peak dose calculations.

— A “~"denotes that indoor radon was not separately calculated.

—  N/A denotes Not Applicable.

—  MSW denotes Municipal Solid Waste.

—  POTW and sludge applications workers perform tasks that lead to potentially significant exposures 1,000 hours per year.
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This study utilizes an existing, well-established model and relatively simple, generalized
scenarios that make possible an overall assessment without need for a large amount of
site-specific data. There are many factors—such as fracture flow, soluble and colloidal
transport, the impact of the POTW sludge de-watering operations on the transport and
bio-availability of radionuclides, year-to-year and seasonal changes in environmental
conditions—that would impact individual, real-site assessments but are not included here.
Others, such as indoor air exchange rates, room sizes, and the number of hours each year that
workers are exposed, have been modified based on peer review and comments from the general
public.

The computations have been carried out with probabilistic versions of three members of a
widely-employed family of environmental transport codes: RESRAD, RESRAD-OFFSITE, and
RESRAD-BUILD. The principal outputs are the tables of Dose-to-Source Ratios (DSR) for the
relevant radionuclides and the estimated doses, for seven hypothetical sludge-management
scenarios.

As expected, the DSR values range widely within each scenario for the various radionuclides,
and there are significant variances among the scenarios. These differences, however, are
meaningful only when considered in the context of the concentrations in sludge actually found in
the POTW Survey. Combining the computed DSRs with the survey measurements indicates that
most scenarios and radionuclides give rise to very low doses, but there are a few low-probability
radionuclide-scenario combinations that might be of health concern.

If agricultural land application of treated sewage sludge that contains elevated levels of
radioactive materials is carried out annually for many years (decades), then the potential exists
for future significant radiation exposure to a future onsite resident, primarily due to indoor radon
from NORM and TENORM. Additionally, when POTW workers are in a room with large
quantities of sludge (e.g., for storage or loading) and the air exchange rate is unusually low, there
exists the potential for significant exposure, again attributable mainly to radon.
Recommendations addressing these situations are provided in the companion final report,
ISCORS Assessment of Radioactivity in Sewage Sludge: Recommendations on Management of
Radioactive Materials in Sewage Sludge and Ash at Publicly Owned Treatment Works

(ISCORS 2004-04).
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1 INTRODUCTION

1.1 BACKGROUND

The treatment of municipal sewage at publicly owned treatment works (POTWs) leads to the
production of considerable amounts of residual solid material, which is known as sewage sludge
(or “municipal sewage sludge” or “sludge”).

Sewage flowing into a POTW may contain naturally occurring radioactive materials (NORM) or
manmade radionuclides. Groundwater, surface water, water residues from drinking water
treatment plants, and waste streams from certain industries (ceramics, electronics, optics) that
discharge into sanitary sewers may contain elevated NORM radionuclides. Also entering sewers
may be surface water runoff containing fallout; excreta from individuals undergoing medical
diagnosis or therapy; licensed discharges of limited quantities of radioactive materials from DOE
facilities, NRC licensees, and Agreement State licensees; and anthropogenic materials exempt
from licensing. (NRC regulations allowing licensees to dispose of small amounts of licensed
radionuclides into a sanitary sewer system may be found in the Code of Federal Regulations at
10 CFR 20.2003.) The sewage treatment process, in turn, may lead to concentration in sludge of
the radioactive materials that entered into the sanitary sewer system.

Radioactive materials in sludge may cause radiation exposure both of POTW workers and of
members of the public. Municipal sewage sludge is often used as a source of organic material in
agriculture and land reclamation, for example, and thus may expose farmers and consumers of
the farm products, or those who spend time on reclaimed land. EPA’s current standard at

40 CFR Part 503 for the use or disposal of municipal sewage sludge protects humans from heavy
metals and pathogens, but it does not include radionuclide limits. Indeed, there are currently no
Federal regulations regarding radionuclides in sewage sludge or in the ash from incinerated
sewage sludge (or “sewage sludge ash” or “ash”).

There have been a number of cases of radionuclides discovered in sewage sludge and ash, and
some of these have lead to expensive cleanup projects (GAO 1994). These incidents made clear
the need for a comprehensive determination of the prevalence of radionuclides in POTW sewage
sludge and ash around the country, and the level of potential threat posed to human health and
the environment by various levels of such materials.
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In response to this need, the Interagency Steering Committee on Radiation Standards (ISCORS)'
formed a Sewage Sludge Subcommittee (Subcommittee)” to coordinate, evaluate, and resolve
issues regarding radioactive materials in sewage sludge and ash. To provide a reasonable bound
on the amounts of radionuclides that actually occur in sewage sludge and ash, EPA and NRC, in
consultations with this Subcommittee, have conducted a limited survey of radioactivity in sludge
and ash across the United States. Concurrently, the Dose Modeling Workgroup of the
Subcommittee has undertaken a dose assessment to help assess the potential threat that these
materials may pose to human health. This report describes the methodology and results of that
dose modeling effort.

1.2 PREVIOUS DOSE ASSESSMENTS OF RADIONUCLIDES IN
SEWAGE SLUDGE

In the past, several groups have carried out examinations of potential radiation doses from
radionuclides in sewage sludge.

The DOE’s Pacific Northwest National Laboratory (PNNL) conducted a scoping study in 1992
for the NRC (NRC 1992a) to evaluate the potential radiological doses to POTW workers and
members of the public from exposure to radionuclides in sewage sludge. The first part of the
analysis examined known cases of radioactive materials detected at POTWs and estimated the
potential doses to workers. The doses from these actual case studies were generally within
regulatory dose limits for members of the public.

The PNNL study went on to estimate maximum radiation exposures to POTW workers and
others who could be affected by low levels of man-made radioactivity in wastewater

(Kennedy et al. 1992). The study, which did not consider NORM/TENORM, used scenarios,
assumptions, and parameter values generally selected in a manner to produce prudently
conservative estimates of individual radiation doses. However, the quantities of radionuclides
released into the sewer systems were assumed to be the maximum allowed under NRC
regulations at the time. Thus, the calculations were not intended to be based on realistic or
prudently conservative conditions at POTWs, but based on maximized releases to sewer systems.
The estimates of these hypothetical exposures to workers range from zero to a dose roughly
equal to natural background levels (Kennedy et al. 1992). Table 1.1 summarizes the results for
some of the scenarios considered.

The PNNL study concluded that although concentration of radionuclides in sewage sludge was
likely to occur, more information on the physical and chemical processes was necessary before
reliable quantitative dose estimates could be made. The calculated doses were based on

1 ISCORS is co-chaired by the Environmental Protection Agency (EPA) and the Nuclear Regulatory Commission
(NRC), and ISCORS has representatives from the Department of Defense (DOD), Department of Energy (DOE),
Department of Health and Human Services, Department of Labor, and observers from White House Office of
Management and Budget, the Office of Science and Technology Policy, and various States.

2 Subcommittee members are EPA and NRC (co-chairs) and DoD, DOE, the State of New Jersey, the Middlesex
County Utilities Authority, and the Northeast Ohio Regional Sewer District.
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estimated rather than measured concentrations of radionuclides. In addition, a relatively small
number of radionuclides were considered.

Table 1.1 Hypothetical Maximum Doses (mrem/year) from PNNL Study
Hypothetical
Primary Exposure Maximum Doses
Individual Exposure Source Pathway (mrem/yr)

POTW sludge Sludge in External 360
process operator processing

equipment
POTW incinerator Incinerator ash Inhalation of dust 340
operator
POTW heavy Sludge or ash in External 210
equipment operator truck
Farmers or Land applied Ingestion via local crops, 17
commercial operators | sludge external
Landfill equipment Ash disposed in External 64
operator landfill
Resident on former Ash disposed in Inhalation via resuspension 170
landfill site former landfill of dust, ingestion via

garden vegetables

Source: Kennedy et al. 1992.

The State of Washington assessed potential risks to POTW workers, to farmers who spread
sludge on wheat croplands, and to workers at a municipal landfill laying down sludge as cover
material. This study was published as The Presence of Radionuclides in Sewage Sludge and
Their Effect on Human Health (Washington State Department of Health, 1997). The report is
based on sludge samples taken at six POTWs in the State, which were analyzed for

16 radionuclides, total uranium, and gross beta. Two exposure scenarios, involving wheat
farmers and workers at a municipal landfill, incorporated information obtained in interviews
with people who had direct experience in the management and use of sludge in these practices.
The report concluded that doses from radionuclides in sewage sludge are extremely low
compared to background or to generally accepted regulatory dose limits, and that there is no
indication that radioactive materials in biosolids in the State of Washington pose a health risk.

1.3 PURPOSE OF THE PRESENT ASSESSMENT

The purpose of the present assessment is to extend and expand upon work already performed in
evaluating the potential risks to humans posed by radionuclides in sewage sludge and ash. The
assessment described here differs from previous ones in that it uses information obtained in the
ISCORS national survey on radionuclides present in sewage sludge and ash. In addition, the
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exposure scenarios in this dose estimation are more detailed and comprehensive than those
considered previously.

The information generated here will be used by NRC and EPA to determine if levels typically
occurring in POTW sewage sludge and ash warrant additional testing or further analysis, and if
they are suggestive of the appropriateness of the development of a national regulatory program
to reduce radionuclide levels in sewage sludge, or to control sewage sludge management and the
use of sewage sludge products.

1.4 GENERAL APPROACH

The general approach of the study is a standard one that has been employed elsewhere

(e.g., NCRP 1999). It consists essentially of two steps. First, seven general, fairly generic
scenarios (and some sub-scenarios) are constructed to represent typical situations in which
members of the public or POTW workers are likely to be exposed to sludge. The selection of
radionuclides for consideration was based on the results of the ISCORS survey of sewage sludge
and ash at various POTWs, and includes manmade and naturally-occurring isotopes. Second,
assuming a unit specific activity of a radionuclide in dry sludge, a widely-accepted
multi-pathway environmental transport model (the RESRAD family of codes) is employed to
obtain sludge concentration-to-dose conversion factors (To avoid possible confusion with the
Dose Conversion Factors of the Federal Guidance Reports (FGR 11, FGR 12, and FGR 13), this
study will refer to these computed conversion factors as dose-to-source ratios (DSRs). The
ratios can then be combined with data on radionuclide concentrations in sludge from the sewage
sludge and ash survey to estimate doses for all the scenarios.

The primary output of this assessment is calculated dose-to-source ratios for a number of
radionuclides and a variety of reasonably likely exposure scenarios. A DSR is defined here as
the dose received by a receptor for a unit activity concentration of radionuclide (37 Bg/kg or

1 pCi/g dry weight of sludge/ash), and it is used to convert a known activity concentration in
sludge to a committed Total Effective Dose Equivalent (TEDE)® by means of the appropriate
RESRAD code. In some cases, additional information on indoor radon and non-radon
components of the radiation dose were also calculated.

1.5 ORGANIZATION OF THIS REPORT

This report provides a complete description of the dose assessment process conducted by the
Dose Modeling Work Group of the Subcommittee. Chapter 2 provides an overview of the
scenarios developed for the assessment and the rationale for the dose modeling approach.
Chapter 3 discusses the sources of radioactive material considered in the dose assessment for
each scenario. Chapter 4 describes each of the scenarios and presents detailed information on

3 In this report, the generic term “dose” refers to “total effective dose equivalent,” or “TEDE.” The TEDE is
defined as the sum of the effective dose equivalent (EDE) from external radiation and the 50-year committed
effective dose equivalent from internal radiation, and TEDE based on the methodology in ICRP Reports No. 26
and No. 30 (ICRP 1977 and 1979). TEDE is currently the basis of standards and regulations for radiation
exposure in the United States. Background radiation is also generally characterized in terms of TEDE.
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input parameters used and assumptions made in constructing each scenario. Chapter 5 presents
analyses conducted to assess uncertainty and variability in the scenarios and to identify sensitive
parameters and assumptions. Chapter 6 (with additional detail in Appendix E) presents the
results of the dose assessment: the dose-to-source ratios for each radionuclide in each scenario.
Chapter 7 presents dose calculations combining these dose-to-source ratios with measured
radionuclide concentrations, including some discussion of indoor radon and non-radon
components. Conclusions of this dose assessment are presented Chapter 8, and references are
listed in Chapter 9.
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2 ASSESSMENT METHODS OVERVIEW

21 OUTLINE OF THIS DOSE ASSESSMENT

As noted in the last chapter, seven generic scenarios have been constructed in this study to
represent some of the most likely situations in which workers or members of the general public
might be exposed to sludge. The RESRAD family of codes was then employed to determine, for
each scenario, the peak Total Effective Dose Equivalent (TEDE) to an individual exposed to
sludge that contains a reference quantity of specific activity (1 pCi per gram of dry sludge, or

37 Bq per kg) of each radionuclide of concern. The result is a computed conversion factor,
called the dose-to-sludge ratio (DSR), and there is one for every scenario and for each relevant
radionuclide. Based on the results of the survey and the dose assessment, a decision will be
made on whether additional actions should be initiated to assure protection of public health.

The scenarios were designed to estimate potential radiation doses from exposure of “average
members of the critical group” (i.e., those who may come into contact with municipal sewage
sludge or incinerator ash). The rationale for this approach is based on the charge to ISCORS to
conduct a survey of municipal sewage sludge to determine the extent to which radioactive
contamination of sewage sludge or ash is occurring, possibly causing exposure of people. The
results of the dose assessment tend to be conservative (i.e., estimated doses are probably higher
than actual for each scenario) as a result of choices made by the Dose Modeling Work Group of
this Subcommittee on specific input parameters and assumptions in each scenario, such as the
use of the 95" percentile Dose-to-Source Ratios for calculating doses, and to extend the
modeling out to 1,000 years following application of sludge in an attempt to assure that the peak
dose is obtained.

Because the analysis in this report needs to have general applicability across the range of
conditions across the country, the basic approach of the dose assessment is to model sites in a
generic manner. Because a wide range of variability must be accounted for in a consistent
manner, relatively simple conceptual models are used. There is no attempt to incorporate unique
or heterogeneous environmental pathways that may be present and important at specific sites, so
caution should be employed in applying the results of this analysis to particular sites. A
summary of the limitations of this assessment is presented at the end of this chapter.

2.2 EXPOSURE SCENARIOS

Each hypothetical scenario presented in this assessment consists of a narrative description and a
set of exposure pathways. Guided in part by examples from previous assessments by DOE,
EPA, and NRC, the Work Group developed scenarios that are generic (i.e., not based on the
characteristics of any particular site) but that account for sludge and ash management practices.
The scenarios are intended to represent a variety of different uses or disposal options for sewage
sludge, and situations where radiation exposure is likely. For each, all the standard
environmental transport (resuspension of dust, leaching into groundwater, etc.) and exposure
(external exposure, inhalation, and ingestion) pathways were considered.
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The seven scenarios created for this assessment fall into four general categories of sludge/ash
management and processing practices. They reflect the observation that most exposure of the
public to sludge results from its land application, disposal in a landfill, or incineration.
Exposures of a worker through proximity to or direct contact with the sludge can occur during
processing, sampling, loading, transport, or application. The scenarios have been designed so
that exposures to the seven following groups may be explored:

1. Residents of houses built on agricultural fields formerly applied with sludge;

. Recreational users of a park where sludge has been used for land reclamation;

. Residents of a town near fields upon which sludge has been applied,

2
3
4. Neighbors of a landfill that contains sludge and/or ash;
5. Neighbors of a sludge incinerator;

6. Agricultural workers who operate equipment to apply sludge to agricultural lands; and
7

. Workers at a POTW involved in sampling, transport, and biosolids loading operations.

Scenarios 1 through 3 consider different kinds of intentional land application of sewage sludge.
For the first two, people are exposed while living on a site of former application, and are said to
be “onsite.” The residents of the nearby town, by contrast, are not located at a site where sludge
actually has been or is being applied, but rather are exposed to radionuclides that are transferred
“offsite.” Scenarios 4 and 5 treat two other kinds of sewage sludge or ash disposal for which the
exposed populations are also offsite. The distinction is important because dose assessment for
offsite populations is more complex than for onsite, and requires more sophisticated modeling.
The last two scenarios consider possible exposure of agricultural and POTW workers.

2.3 SELECTION OF THE MODEL CODE

Because of the many possible pathways of exposure, a multimedia computer code was selected
for the calculations, according to the following criteria. The model should accommodate the
physical conditions of the scenarios and, in particular, it must

1. Include (or be able to include) all radionuclides of concern;

. Cover the relevant environmental transport pathways;

. Include all important exposure pathways;

. Incorporate established sensitivity and probabilistic uncertainty analyses;

2

3

4. Contain a manageable number of parameters;

5

6 Have undergone extensive verification and peer-review; and
7

Be widely used and accepted, so that the calculations can be readily replicated or
modified.
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The first three criteria ensure that the essential elements of each scenario’s conceptual model are
included. The fourth requires that the numbers of parameters involved are in the hundreds, not
tens of thousands; it is necessary because of resource constraints, but fully justified by the
generic nature of the scenarios. Criterion 5 reflects the preference for using methods that have
previously been developed for sensitivity and uncertainty analyses, rather than developing new
methods; it also makes it possible for outside parties to reproduce the results. Criterion 6 is
needed because, given the complex nature of the assessment, independent verification of every
calculation would be intractable. Finally, the model should be widely available, well
documented, and user friendly for use by interested parties in independent verification of study
analyses and results.

A number of computer models were considered for use in this effort, and Table 2.1 summarizes
how the four finalists compare, according to the seven criteria. The RESRAD family of codes,
including RESRAD version 6.0, RESRAD-BUILD version 3.0, and RESRAD-OFFSITE
version 1.0, was selected largely because of its flexibility in scenario development. It contains
the necessary data on most relevant radionuclides, and can easily accommodate others; it
accounts for all transport and exposure pathways of interest, yet it employs a manageable
number of parameters (about 140 for RESRAD, 300 for RESRAD-OFFSITE, and 40 for
RESRAD-BUILD). In addition, it has built-in sensitivity and probabilistic uncertainty analysis
modules, has undergone more extensive testing than the others, and is widely used within the
remediation community so as to be more familiar than the others to most DOE, DoD, EPA, and
NRC users.

Because Scenarios 1, 2, and 6 involve only onsite receptors, their doses can be estimated with
RESRAD Version 6. Scenarios 3, 4, and 5 are complicated by offsite transport, and hence are
examined with the RESRAD-OFFSITE code (in combination with the CAP88-PC code to
account for airborne transport of radioactive material away from the source). Workers at the
POTW spend nearly all their time indoors, requiring the use of the RESRAD-BUILD code in
Scenario 7. A summary of the scenarios and the model codes used is in Table 2.2.

RESRAD 6.0 and RESRAD-BUILD are simply relatively recent probabilistic versions of
established deterministic codes, but RESRAD OFF-SITE contains newer components, and is
currently still under testing and further development. Experience with RESRAD OFF-SITE has
revealed no substantive problems with it but, in any case, preliminary scoping calculations have
suggested that the magnitude of the off-site doses are relatively very low, so that the status of the
code should not be significant to the final results.

A description of the RESRAD family of codes, including references to how the calculations are
performed, appears in Appendix B.
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Table 2.1 Comparison of Models

Model Selection Criterion RESRAD | PRESTO GENII® DandD
Family? | CLNCPG Vers. 2.0 Vers. 1.0
Vers. 4.2
(1) Radionuclides of concern X X X X
(2) Environmental transport pathways X X X x
(2.1) Resuspension X X x X
(2.2) Groundwater infiltration and transport X X X
(2.3) Surface water run-off® X x x
(3) Exposure pathways
(3.1) External gamma radiation X x x X
(3.2) Inhalation of airborne particles outdoors X X X x
(3.3) Inhalation of radon (indoors) X x
(3.4) Inhalation of radon (outdoors) x x
(3.5) Ingestion of water from a well X x x
(3.6) Ingestion of surface water X X X
(3.7) Ingestion of vegetables, fruits, grains, milk, o » y o
and meat produced on treated land
(3.8) Ingestion of fish from nearby waters x x x x
(3.9) Inadvertent ingestion of soil X X X X
(4) Manageable number of parameters X x x
(5) Sensitivity and probabilistic uncertainty analyses X X
(6) Extensive validation, verification, and peer review X X x
(7) Widely used and accepted X

Notes:

1. In this report, the RESRAD family refers to RESRAD 6.1, RESRAD-OFFSITE 1.0, and
RESRAD-BUILD 3.0, all of which are available through the RESRAD Website at Argonne National
Laboratory.

2. GENII Version 2.0 runs in the FRAMES environment.
3. Additional nuclides can be added to RESRAD

4. RESRAD does not include runoff transport, and the on-site scenarios do not account for it. RESRAD
OFF-SITE does incorporate this pathway.
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Table 2.2 Scenarios and Models in this Assessment

Scenario Exposed Multiple Model Code
Individual* Applications

Land Application

1. Onsite residents on-site T RESRAD Version 6

2. Recreational users— on-site T RESRAD Version 6
reclamation

3. Residents of nearby town off-site T RESRAD-OFFSITE/

CAP-88

Landfill Disposal

4. Landfill neighbors— off-site T RESRAD-OFFSITE/
sub-scenarios for MSW and CAP-88
impoundment

Incineration

5. POTW incinerator neighbors off-site T RESRAD-OFFSITE/

CAP-88

Occupational Exposure

6. Agricultural sludge on-site T RESRAD Version 6
application worker

7. Indoor POTW worker— on-site RESRAD-BUILD
subscenarios for different Version 3
POTW operations

Note:

* “Site” refers to the area where sludge is originally applied or, for Scenario 7, produced.

2.4 PARAMETER VALUES AND DISTRIBUTIONS

2.41 FIXED VALUE AND DISTRIBUTIONS FOR MODELING
PARAMETERS

Each scenario must be translated from a qualitative narrative and a list of potential transport and
exposure pathways into a specific set of parameter values suitable for use in a particular model.
Since probabilistic calculations are needed to assess the uncertainty and variability of the DSR
values quantitatively, distributions are generally appropriate for the most sensitive parameters.
For parameters that are somehow found to be less sensitive, single parameter values may be
used.
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A fundamental change has recently been occurring in the way radionuclide transport modeling
calculations are carried out. A traditional, so-called deterministic calculation involves the use of
a fixed set of parameter values, and the result is a single curve of dose versus time.

A probabilistic (also known as a stochastic or Monte Carlo) calculation, by contrast, requires the
performance of hundreds or thousands of separate dose computations, each with its own set of
randomly selected parameter values; instead of a single value, a parameter would be represented
by a probability distribution function (or a cumulative distribution function, which contains the
same information but is presented differently) which records the probability (i.e., the relative
frequency) with which a particular value for the parameter will be sampled for inclusion in a run.
Statistical combination of the results from all these runs yields a variety of dose versus time
curves, recording the time dependence of the mean dose, the median dose, or any desired
percentile dose (e.g., the 95-percentile curve, below which the true dose is 95% likely to occur).
In general, probabilistic calculations were employed in this study to determine the evolution of
DSRs, as functions of time, for each scenario and radionuclide. The point DSRs recorded in
Chapter 6 correspond to the peak doses obtained when the calculation is carried out on a steady-
state population over a one-thousand year time span; the time of the peak dose will depend, of
course, on the properties of both the scenario and the radionuclide.

For many parameters, values and distributions were selected that are specific to the scenario at
hand. For others, generic (that is, non-scenario-specific) values and distributions are adequate,
and usually easier to obtain. This is particularly true for plant and animal transfer factors, food
holdup times prior to ingestion, livestock or plant water fractions, soil characteristics, human
behavioral data such as inhalation and ingestion rates under various conditions, and other values
and distributions that are based on national databases and are accepted by regulatory agencies
such as NRC or EPA. Many of these appear as entries in EPA’s Exposure Factors Handbook
(EPA 1997) and similar compilations. For a number of standard parameters employed by
RESRAD, generic distributions have recently become available (NRC 2000b); this document,
incidentally, notes that the parameters for which they have provided distributions had been
identified as generally having more influence on calculated dose results than parameters not
included.

Because many of these parameter values and distributions do not change from scenario to
scenario, a set of “baseline” parameter values and distributions have been defined for each
RESRAD code and listed in tabular form in Appendix A. The relatively small number of
scenario-specific parameter values that distinguish the scenarios from one another may thus be
thought of as variations from the baseline, and these are addressed individually in each scenario
description. For baseline parameters for which values or distributions are not available, the
RESRAD default values are used, unless another value is clearly indicated. In all cases, the
default RESRAD values are listed for reference (in parentheses if not used). They are intended
to be as broadly representative as is reasonably achievable, but there may be real situations to
which they do not apply.
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242 USE OF DISTRIBUTIONS IN DETERMINISTIC CALCULATIONS

In some cases (in accounting for multiple years of application, as will be discussed below) it is
necessary to perform deterministic calculations in addition to the probabilistic ones. Suitable
average or central-tendency parameter values must then be derived from the distributions. In
deterministic runs, means (arithmetic or geometric) are computed from the distributions to
replace them, as denoted in Appendix A.

2.4.3 PRIORITIES IN PARAMETER SELECTION

To summarize, the justifications for parameter values and probability distributions for input into
the RESRAD family of codes are as follows, in the order of priority:

1. Scenario-description parameter values and distributions
2. Other specified generic parameter values and distributions
3. NRC’s NUREG/CR-6697 (NRC 2000b) distributions:

— for probabilistic runs, default distributions

— for deterministic runs, find and use sample means (geometric mean for lognormal
distributions; arithmetic mean for others)

4. RESRAD default values (Yu et al., 2001)

2.5 INTERPRETATION OF RESULTS OF THE PROBABILISTIC
CALCULATIONS

For a particular scenario and for the reference amount of specific activity of some radionuclide,
the probabilistic version of RESRAD carries out J realizations, labeled j=1, 2, ... ,J. That is,
for each j, the Monte Carlo module quasi-randomly selects a value for every RESRAD variable
parameter, where the probability of selection of any particular value is determined by that
parameter’s distribution function. RESRAD then computes the dose, dsr(#), as a function of
time. The program then searches for the global maximum in dsr(7), which we call DSR, for
every realization. (The maxima in dsr(#) is likely to occur at different times for different
realizations, or values of the index j.)

The values of DSR; for the J realizations themselves form a distribution, with a mean, a
95-th percentile value, etc., and these are the DSR-entities tabulated in this report.

2.6 SENSITIVITY, UNCERTAINTY, AND VARIABILITY

The sensitivity analyses in these dose assessments rely to a large extent on previous work in
analyzing parameter sensitivities of the RESRAD codes. For RESRAD and RESRAD-BUILD,
the categorization and ranking of parameter sensitivities are documented in NRC (2000ab).
Additional sensitivity analyses were performed in some cases and is described in Chapter 5.
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Any modeling contains both quantitative and qualitative uncertainties and variabilities. There
are a number of known, but largely unavoidable, sources of quantitative uncertainty both in the
RESRAD modeling of physical transport and exposure and in the ICRP metabolic determination
of the dose conversion factors that convert intake to committed TEDE. Measurement of a
physical parameter such as soil hydraulic conductivities or an element-specific partition
coefficient will yield a range of values because of normal experimental error and physical
variations among samples. Uncertainty and variability may be addressed to some extent through
the specification of subscenarios within each exposure scenario, or more generally through the
use of sampling of probability distributions for parameter values (e.g., by way of the Latin
Hypercube method).

Qualitative uncertainties and variabilities are those that are known to exist but which cannot be
readily quantified. A significant source of qualitative variability is in the specification of the
exposure scenarios. In the present assessment, these qualitative issues are addressed through
discussions with peer review groups and experts.

A unique source of uncertainty arises in dealing with multiple years of application. RESRAD, in
its current configuration, can carry out a Monte Carlo analysis only for the case of a single
application of sludge. Approximate scaling factors were therefore developed, employing only
deterministic calculations, to handle scenarios with multiple years of agricultural application. It
is acknowledged that this approach, described in the next chapter, introduces an error that
ISCORS believes is small and insignificant to the overall uncertainty.

2.7 ASSESSMENT OF CONTRIBUTIONS FROM INDOOR RADON
PATHWAY

Additional calculations separating radon and non-radon components were performed in cases
where the indoor radon pathway contributed more than 10% of the calculated dose. In these
cases, radon exposure was also calculated in terms of Working-Level units as well as air
concentrations (pCi/L) for the different radon daughters. This separation was done for several
reasons. From the source perspective, indoor radon levels are highly variable and there is
insufficient data to capture the extent of this variability in the probabilistic assessment. In
addition, radon dosimetry is complex, and doses other than TEDE may be more informative.
Finally, indoor radon standards and benchmarks are often based on either Working-Level units
or air concentrations, rather than TEDE.

2.8 LIMITATIONS OF THE CURRENT ASSESSMENT

There are important limitations to this modeling effort, brought about by the need to carry out a
generic assessment across a diverse range of possible situations and environments, by the
insufficiency of parameter information, and by bounds on the capabilities of the models
available. The contributions of some of these to the uncertainties in the assessment results are
discussed in detail in Chapter 5.
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2.8.1 SOURCES

This assessment evaluates DSRs for the processing, use, or disposal of municipal sewage sludge
and ash. Although more than forty radionuclides were included in this assessment, it is possible
that other radionuclides that are not anticipated to be present in the sewage may exist in the
system. It may not account for all the sources of radiation exposure associated with the
treatment of municipal sewage such as the presence of radionuclides in liquid influent and
effluent. In some cases, POTWs, may use treated effluent as irrigation water on agricultural
lands or other fields. Because the current joint NRC—EPA survey only measured radioactivity in
sludge and ash, dose modeling of radionuclides is limited to only sludge and ash. Nevertheless,
it should be noted that additional radiation exposure from POTW liquid effluent is possible.

2.8.2 SCENARIOS

The scenarios evaluated in this assessment were developed to represent relatively common, real
conditions likely to lead to radiation exposures that are typical, rather than worst case. While it
is possible to consider only a few hypothetical situations, great effort has been made to ensure
that the scenarios considered in this report represent a reasonable range of exposures without
being overly conservative. In certain unique or unusual circumstances, radiation exposure may
be greater.

2.8.3 MODELS

This study utilizes existing models and generalized scenarios which make possible an overall
assessment without having to gather a large amount of site-specific data. There are many
site-specific factors—such as fracture flow, soluble and colloidal transport, the impact of the
POTW sludge de-watering operations on the transport and bioavailability of radionuclides, and
year-to-year and seasonal changes in environmental conditions—that will impact individual
assessments but are not considered or needed here in the general assessment. Thus, the study
includes the average effects of some of these processes in a generic manner, but it has not
attempted to model unique or heterogeneous environmental conditions that may be important at
specific sites. Caution should therefore be exercised in applying the results of this assessment to
individual sites.
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3 SOURCE ANALYSES AND RELATED ISSUES

This chapter covers two topics. The first is the rationale for the particular set of radionuclides
considered in the dose assessment and the ways in which decay chains are handled. The second
is the determination and preparation for entry into RESRAD of the source terms for the various
scenarios and subscenarios considered.

3.1 RADIONUCLIDES CONSIDERED IN THE DOSE ASSESSMENT

The principal objective of this dose calculation study is to assist in the analysis of the results of
the ISCORS POTW survey and to support the Subcommittee in preparing guidance for POTW
operators. As such, it covers all radionuclides identified in the pilot survey conducted in 1997,
revised in May 1999 (EPA 1999a), and any additional radionuclides found by spectrometry
analysis during the full survey. These radionuclides are listed in Tables 3.1 and 3.2. Information
on daughters for radionuclides included in standard RESRAD is presented by the RESRAD
manual in Tables 3.1 and 3.2 (Yu et al., 2001).

RESRAD distinguishes between “principal” and “associated” progeny in decay chains. A
principal radionuclide is one with a half-life longer than a user-specified cutoff (RESRAD
allows selection of 30 days or one-half year for the cutoff time). In the present assessment, this
cutoff time is selected to be 30 days. An associated radionuclide has a half-life less than the
cutoff; the nuclides “associated” with a principal radionuclide consist of all decay products down
to, but not including, the next principal radionuclide in the chain. This dose assessment assumes
that all associated radionuclides (except radon daughters) remain in secular equilibrium with
their principal radionuclide in the contaminated zone, along transport pathways, and at the
location of human exposure.*

The radiation dose calculated for a radionuclide listed in Table 3.1 includes the contributions
into the future of a// the daughter radionuclides (principal and associated) in the decay chain
from decay of the listed nuclide. This assumption ensures that the assessment does not
underestimate the potential impact of that radionuclide. As a naturally occurring radioactive
material in fertilizers and food products, potassium-40 may concentrate in sewage sludge or ash
and, as such, is of concern for this analysis. However, exposure to K-40 is only of potential
concern for external exposures. Internal exposures do not result in increased dose because of the
equilibrium of K-40 in the body. Iodine-131 is included because it is a licensed medical isotope
which is discharged to the sewer system and can contribute to radiation dose, despite its short
half-life.

4 There are many natural and man-made processes which may affect the equilibrium of the nuclides within sludge.
For this reason, for site-specific analyses, the processing method of the sludge and the location and type of sludge
samples collected at the POTW should be known prior to making assumptions concerning equilibrium when
conducting a site-specific dose assessment.
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Table 3.1 Radionuclides Included in the Dose Assessment

El?glli(()l-e Ri\(/ili?t(:(l).ns Half-life 533113; Ri\(/ili?t(:(l).ns Half-life
Ac-227° alpha, beta, 22 years Po-210° alpha 138 days
gamma
Ac-228¢ beta, gamma | 6 hours Pu-238 alpha 88 years
Am-241 alpha, gamma | 432 years Pu-239 alpha 24x10° years
Be-7* gamma 53 days Ra-223¢ alpha, gamma | 11 days
Bi-212¢ alpha, beta, 61 minutes Ra-224Y | alpha, gamma | 4 days
gamma
Bi-214¢ beta, gamma | 20 minutes Ra-226 alpha, gamma | 1600 years
C-14 beta 5,730 years Ra-228 beta 6 years
Ce-141 beta, gamma | 33 days Rn-219¢ alpha, gamma | 4 seconds
Co-57 gamma 271 days Sm-153* beta, gamma | 47 hours
Co-60 beta, gamma | 5 years Sr-89 beta 51 days
Cr-51% gamma 28 days Sr-90 beta 29 years
Cs-134 beta, gamma | 2 years Th-227¢ alpha, gamma | 19 days
Cs-137 beta, gamma | 30 years Th-228 alpha, gamma | 2 years
Eu-154 beta, gamma | 9 years Th-229° alpha, gamma | 7,340 years
Fe-59 beta, gamma | 45 days Th-230 alpha 77%10° years
H-3 beta 12 years Th-232 alpha 14x10° years
I-125 gamma 60 days Th-234¢ beta, gamma | 24 days
I-131° beta, gamma | 8 days T1-201* gamma 3 days
In-111°% gamma 3 days T1-202* gamma 12 days
K-40 beta, gamma | 1.3x10° years [ T1-208¢ beta, gamma | 3 minutes
La-138? beta, gamma | 135x10° years [ U-233° alpha 158.5x10° years
I-131° beta, gamma | 8 days T1-201* gamma 3 days
In-111°% gamma 3 days T1-202* gamma 12 days
ISCORS Technical Report 2004-03 3-2 Final, February 2005



Table 3.1 Radionuclides Included in the Dose Assessment (continued)

El?glli(()l-e Radl\i/::tlg(?:l.s Half-life 533113; Radl\i/::tlg(?:l.s Half-life
I-131° beta, gamma | 8 days T1-201* gamma 3 days

In-111° gamma 3 days T1-202* gamma 12 days

K-40 beta, gamma | 1.3x10° years || TI-208¢ beta, gamma | 3 minutes
La-138° beta, gamma | 135x10° years [ U-233° alpha 158.5x10° years
Np-237° | alpha, gamma | 2.14x10° years [ U-234 alpha 245%10° years
Pa-231° alpha, gamma | 32.8x10° years || U-235 alpha, gamma | 700x10° years
Pa-234m° | beta, gamma | 1 minute U-238 alpha 4.5x10° years
Pb-210 beta, gamma | 22 years Xe-131m*® | gamma 12 days
Pb-212¢ beta, gamma | 11 hours Zn-65 beta, gamma | 244 days
Pb-214¢ beta, gamma | 27 minutes

Notes:

Source: EPA 1999b.

Information on daughters for standard RESRAD radionuclides is included in Tables 3.1and 3.2 of the RESRAD
manual (Yu et al., 2001).

a. This radionuclide is not included in standard RESRAD, and it was added as input to the code specifically for
this project.

b. Although this nuclide was not identified in the previous survey (EPA 1999), it is included in the dose
assessment because it is a principal nuclide and its parent nuclide is included in the analysis. Am-241 decays
to Np-237, U-233, and Th-229; U-235 decays to Pa-231; Pb-210 decays to Po-210; and I-131 decays to
Xe-131m.

c. Although this nuclide was not identified in the previous survey (EPA 1999), it is included in the assessment
because it is the parent nuclide and its daughter nuclides are included in the analysis. Ac-227 is the parent
nuclide of Ra-223, Rn-219, and Th-227.

d. Radiological dose for this radionuclide is included in the dose of its parent nuclide. The parent nuclides are
Ra-228 for Ac-228; Th-228 for Bi-212, Pb-212, Ra-224, and TI-208; Ra-226 for Bi-214 and Pb-214; U-238
for Pa-234m and Th-234; and Ac-227 for Ra-223, Rn-219, and Th-227.

Several radionuclides that were not identified in the POTW survey have nonetheless been
included in Table 3.1 because they are either a parent or a daughter of a radionuclide that was
analyzed in the survey. These are Ac-227, Np-237, Pa-231, Po-210, Th-229, U-233, and
Xe-131m. Except for Ac-227, which is a parent radionuclide (of Ra-223, Rn-219, and Th-227),
the others are all principal daughter nuclides of which the parent nuclides were detected in the

survey.
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3.2 LAND APPLICATION SCENARIOS

In the Onsite Resident (1), Land Reclamation (2), Nearby Town (3), and Agricultural Worker (6)
scenarios, sludge is applied directly to agricultural or reclamation land and then mixed into the
top fifteen centimeters through tilling and natural processes such as plant root action.
Application may occur a single time or annually for 5 years, 20 years, 50 years, or 100 years.
While very few land application sites in the country are known to have applied sludge annually
for more than 20 years, the 50- and 100-year computations were included primarily for
conssitency with the technical support for EPA’s Standards for the Use or Disposal of Sewage
Sludge in 40 CFR Part 503, as a check on the data analysis methodology, and to assist POTW
operators in their consideration of future sludge management practices.

3.21 SPECIFIC ACTIVITY IN SOIL-SLUDGE MIXTURE

The activity concentration (i.e., specific activity) of the source term for RESRAD is that of the
soil-sludge mixture, rather than of the sludge alone. The average concentration of a radionuclide
in soil depends on its initial concentration in the sludge, the continuous processes of radionuclide
decay and ingrowth, the amount of sludge deposited per application, the number of prior
(annual) applications that have occurred, the extent of tillage, and other factors. A simple
expression for it assumes that sludge of specific activity 4,4, [Bq/kg or pCi/g], is applied at a
rate of S [metric tons/hectare], and mixed into the top d [m] of soil that has density » [kg/m’].
The specific activity in soil (Equation 3.1a) is then

Ay = Agugge X S/ (dx 1) (3.1a)

soil
for a single land application.

The present dose assessment assumes for its calculations a reference initial specific activity in
dry sludge (1 pCi/g or 37 Bg/kg) of any single radionuclide, and an assumed application rate of
10 metric tons dry sludge matter’ per hectare per year, or 1 kg/m*. (One metric ton is equal to
1,000 kg, and a hectare is 10,000 m*.) Tillage depth is assumed to be 15 cm, and the soil density

5 Annual applications for agricultural utilization are found to range from 2 metric tons/hectare to
70 metric tons/hectare (1 ton/acre to 30 tons/acre), and more typically from 5 to 20 metric tons per hectare-year,
as used in the EPA Part 503 rulemaking assessment. A typical rate is 11 metric tons/hectare (5 tons/acre) per
year, which was rounded to 10 in this dose assessment (EPA 1983, EPA 1995, Sopper 1993). Applying aqueous
sludge mixtures at the same mass rate would result in soil radionuclide concentrations that are lower by the mass
fraction of solids in the aqueous mixture.
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value of 7= 1520 kg/m® is the mean of the soil density distribution presented in NRC (2000b).°
Inserting these in Equation 3.1a yields Equation 3.1b,

A, = 0.16 Bg/kg (0.0044 pCi/g), (3.1b)

soil
the value used here for direct agricultural application.

Other sludge application rates can be accommodated by appropriately scaling this value. For
instance, since the application rate assumed for land reclamation was greater by a factor of 10,
the resulting initial activity concentration will be 10 times higher or 1.6 Bq/kg (0.044 pCi/g).

3.2.2 MULTIPLE YEARS OF APPLICATION AND WAITING PERIODS

For scenarios that involve multiple years of application, the issue of soil concentration is
complicated by the processes such as decay, ingrowth, and leaching, resulting in the need to
account for the radioactivity added to the soil in previous years’ applications in the dose
calculation. The RESRAD code does not include time-dependent source terms, at present, so it
cannot carry out a standard Monte Carlo calculation that involves multiple years of application.
In addition, if there is a waiting period between the application (whether single or multiple) and
the beginning of exposure, the present probabilistic implementation cannot account for this. It is
therefore necessary to develop approximate scaling factors for each scenario, employing only
deterministic calculations, to extrapolate the results for a single year application (obtained with a
probabilistic calculation) into multiple-year application results as well as accounting for any
waiting periods—a process that can be viewed as creating an “effective” source term for the soil
concentration.

To estimate the dose rate resulting from » annual sludge applications, one first carries out a
single-application, probabilistic run at the time of the first application, » = 1, which yields the
dose D," . In Equation 3.2, this is then scaled for multiple applications by means of a
factor, F, ,

D prob _ Dlprob X Fn (3.2)

n

6 RESRAD can employ a probability distribution for soil density and another for specific activity of contaminated
soil in its calculations, but it cannot, as currently configured, explicitly link the two parameters through a simple
mathematic equation. Several options for dealing with this limitation were considered. It would not be difficult
simply to modify the code to incorporate such an equation, thereby accounting for the dependence of the source’s
specific activity on soil density; this, however, would also make it more difficult for outside parties to reproduce
the sludge dose modeling results reported here. Another option would be to employ a correlation between the
final soil concentration and the soil density probabilistically. But this would require significant effort to
determine, confirm, and test the associated correlation coefficient. Furthermore, the algebraic relationship in
Equation 3.1 would not be reproduced exactly by the rank correlation coefficient method used in the Latin
Hypercube algorithm. It was, therefore, decided to fix both the soil density and the specific activity of the
sewage sludge—soil mixture in this assessment. The range of plausible densities for agricultural soils is not that
large, and, in any case, the significance of soil density is examined in the sensitivity analysis.
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where F, is defined as the ratio, [D, "°/D, "], of two doses obtained probabilistically—one
after n annual applications, and the other immediately after a single application, respectively.
But we have no way to calculate D, "™ at present (which, of course, was the problem in the first
place), so we choose to estimate ', using deterministic calculations in the manner that follows.

The development of the scaling factors themselves is based on the principle of superposition, and
on the assumption of time shift invariance—that is, that the time dependence of the dose caused
by a particular application of sludge depends only on the difference between the time of interest
and the time of application. Then the composite dose from two applications can be obtained by
superimposing that from the second onto that from the first, but with the time of application
shifted. The specific procedure for this process is as follows.

First, the model code is run deterministically for a scenario for a single application at time ¢ = 0.
In this calculation, the Monte Carlo distribution for any parameter is replaced by a corresponding
fixed, averaged value, as described in Section 2.4.2. This run gives the dose D(f) for any time
in the future from a single application at ¢ =0, where ¢ represents the time difference between
the year of application and the year in which dose is calculated. Thus, if an application
happened during year j, then the dose at year ¢ due to that application would be simply

DYt~ )).

In Equation 3.3a, for a series of n annual applications, the dose at time ¢ would be the sum of
DYt —j) from j=0 to n—I:

D, =3DY\t-)) ,[j=0,..,n-117, (3.32)
where this expression is meaningful only with the constraint (Equation 3.3b)
t$(n-1) . 3.3b)

Suppose that residents of the property, or the members of any other relevant critical population
group, come into direct or indirect contact with the source r years after the last (the n-th)
application, in year (n — 1 + ). The dose from all applications combined is still given by
Equation 3.4a,

D,(n) =3DY—)) ,[j=0,.. ,n—1], (3.42)
but Equation 3.3b is replaced by Equation 3.4b,

tSm—-1+r) . (3.4b)

Equations 3.4a and 3.4b are suitable for obtaining F,, but it is convenient to go one step further.
Let us shift time and rename it from ¢ to ¢., defining its origin, ¢, = 0, as the moment that people
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first become exposed, so that ¢, =¢— (n—1 + r). We also transform the index k=(n—1+r) 1,
so that Equations 3.3a and 3.3b become

D,(t) =3 DY, +k), [k=r,.. ,r+n—1] ,and 1.$0. 3.5)

With this transformation, & =r represents the dose originating from the most recent application
alone, whereas k=r+n—1 represents the dose originating from the first application alone. For
the Onsite Resident scenario, where 7 is setto » =1, the index k runs from 1 to n. Itis
Equation 3.5 that was used to compute the scaling factors for all seven scenarios, with

n =1 year, 5 years, 20 years, 50 years, and 100 years of application.

Because the quantities of interest are the maximum (peak) doses, the scaling factor, F,, is
defined as the ratio of the peak deterministic doses from 7 years of application and the basic,
single dose-run in Equation 3.6a,

F, =max[D,(t,)]/ max[D?)], (3.62)

n

or, defining ¢™* as the time where D(¢) is greatest as in Equation 3.6b, then
F, = D,(t")/ D", (3.6b)

where F, is independent of time.

¥

When re-written so as to account for time, Equation 3.2 then becomes Equation 3.6c¢,
anmb = DI prob X Dn (trmax) / D((tmax) . (3.6C)

A limitation is that thicknesses of the contaminated zone and unsaturated zone need to remain
unchanged during the time period of interest (¢, = 0 years to 1,000 years). The contaminated
zone erosion rate and the groundwater table drop rate were therefore set to zero. The dose
results obtained with these assumptions might be slightly more conservative than without them.

It should also be noted that even if n = 1, the scaling factor may not equal one. In particular, if
there is a waiting period after exposure (+ > 0), and the maximum of D(f) occurs at ¢ = 0, then
the F, < 1.

3.2.3 OFFSITE AIR EXPOSURES

Wind can blow contaminated dust from agricultural fields or a landfill where sludge is applied,
or from the stack of a POTW incinerator where it is burned, to an offsite location where people
are actually exposed. This is of importance in the Nearby Town Resident, Landfill Neighbor,
and Incinerator Neighbor Scenarios, and it requires additional analysis of the source term. This
sub-section addresses only the case of dust from a farm field that is transported by the air
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pathway to a nearby town, 800 m (0.5 miles) downwind, where it settles upon and contaminates
the ground—offsite air exposures for other scenarios will be addressed later.

The assessment consists of three parts—release by the source, transport to the point of exposure,
and deposition and exposure there.

For sludge applied to a field, the source has a release height of 0 meters and a release velocity of
0 m/s, and the dust plume rise is taken to be of the ‘momentum’ type. The rate of release of
radionuclide from the field is calculated by RESRAD-OFFSITE.

The Gaussian-plume air-dispersion model of CAP88-PC (EPA 1992b) is then run to provide an
estimate for the dispersion factor (P/Q, or “chi over Q”), the ratio that relates air concentration at
a target position downwind, P (x, y, z, 7), to the release rate from the source, Q(¢). The
meteorological profile used in the assessment is the annual average data for Columbus, Ohio,
measured from 1988-1992. (The file containing this data is built into CAP88-PC as one of a
number of selectable default options. Columbus was chosen because it has a typical continental
United States wind profile, with a strong predominant wind direction.) The assessment grid
employed here is circular, centered on the source field, and divided into 16 sectors, each of
22.5 degrees circumferential extent. Each sector has 10 radial zones, with their midpoints

800 meters, 1600 meters, 2400 meters, 3200 meters, 4000 meters, 4800 meters, 5600 meters,
6400 meters, 7200 meters, and 8000 meters from the center of the circle.

The dispersion factor at 800 m, and in the direction of maximum P/Q, was found to be
radionuclide dependent, because the deposition velocity and half-life are, as indicated in
Table 3.2.

Table 3.2 Values of Deposition Velocity and Dispersion Factor, P/Q, for the
Various Radionuclides, Computed for the Nearby Town Scenario by
CAP88-PC, for Input to RESRAD-OFFSITE

Isotope—Nearby Town Deposition Velocity (m/s) P/Q (at 800 m) (s/m*)
H-3, C-14, Xe-131m, Rn-222 0 7.4x10°
Rn-220 0 2.3x10 77
I-125, I-131 0.035 8.9x10 7
All others 0.002 6.0x10 ~°

Once P/Q has been obtained, RESRAD-OFFSITE accounts for the deposition of airborne
radionuclides to the ground surface at the receptor location. It is assumed that the material
blown from the primary source (field) to the secondary site (Town) is subsequently mixed in
with the top 15 cm of soil in a garden or small field by root-zone action, and is taken up by roots;
it will deposit on leaves, but it contaminates neither groundwater nor surface water.
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With minor modifications, the superposition technique discussed in Section 3.2.2 is used to
assess the time dependence of offsite deposition and exposures from multiple releases of
airborne contaminants.

3.3 LANDFILL/IMPOUNDMENT NEIGHBOR SCENARIO

Two subscenarios were designed for the study of the near-surface burial of sludge and
ash—disposal in a municipal solid waste landfill and in a surface impoundment. In either case,
the source is considered to be 1 hectare (about 2 acres) in area and 2 meters deep.

The source term for the municipal solid waste landfill consists of sewage sludge/ash mixed with
municipal solid waste. The typical composition of municipal solid waste includes about 2.5% of
sewage sludge/ash by weight, thereby creating a dilution factor of approximately 40. Because of
the dominant effect of the non-sludge/ash waste on radionuclide transport, the hydraulic
properties of the source are taken to be those of municipal solid waste (HELP model defaults
from Schroeder et al., 1994), given in Table 3.3 for an activity in sludge of 37 Bq/kg (1 pCi/g).

Table 3.3  Municipal Solid Waste Source Characteristics

Property of Municipal Solid Waste Value

Activity due to Sewage Sludge/Ash 0.925 Bg/kg (0.025 pCi/g)
Saturated Hydraulic Conductivity 107 cm/s

Particle Density 2600 kg/m* — 4700 kg/m’
Porosity 0.671

Bulk Density (derived) 860 kg/m® — 1500 kg/m’
Field Capacity 0.292

For a surface impoundment, on the other hand, the source consists entirely of sewage sludge, and
the activity is undiluted. It is assumed that the material degrades biologically relatively rapidly,
and therefore has the hydrologic characteristics of generic soil.

The air emission source for the landfill/surface impoundment is conceptually similar to that of
the agricultural field. Again, the Gaussian plume dispersion model in CAP88-PC is used to
determine the dispersion factor. The ground-level values of P/Q go through a maximum at
150 meters, given in Table 3.4.
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Table 3.4  Values of Deposition Velocity and Dispersion Factor, P/Q, for the
Various Radionuclides, Computed for the Landfill Neighbor Scenario
by CAP88-PC, for Input to RESRAD-OFFSITE

Isotope—Nearby Town Deposition Velocity (m/s) P/Q (at 150 m) (s/m?)
H-3, C-14, Xe-131m, Rn-222 0 1.7x10 ~*
Rn-220 0 4.8x10 ~°
1-125, 1-131 0.035 5.1x10 °°
All others 0.002 1.6x10 4

Multiple years of released and deposition are handled in a way similar to that for the Nearby
Town Resident.

3.4 INCINERATOR NEIGHBOR SCENARIO

The source term calculation for the incinerator is in three separate parts. First, the activity per
day of radionuclide vented from the stack for each kilogram of dry sludge burned per day is
calculated, where the sludge is assumed to contain a unit concentration 37 Bg/kg (1 pCi/g) of the
radionuclide. (No decay of the radioactive materials in the sludge occurs prior to incineration.)
Then environmental pathway models (CAP88-PC and RESRAD-OFFSITE) are employed to
determine the concentration in air at the point of exposure for a given value of stack release rate
and, finally, the dose to the neighbor.

The emission source from the incinerator stack is determined by the activity concentration in the
sludge, the feed rate of sludge, and the total control efficiency of the incineration system,
accounting for any stack gas cleaning systems. With activity 4 4. and feed rate R4, the rate
of radionuclide release from the incinerator stack, R is given by Equation 3.7,

release 2

R release A sludge x Rfeed X (1 - CE) ’ (3'7)

where the control efficiency for the radionuclide of interest, CE, is defined as the fraction of the
radionuclide that is not vented as part of the exhaust gas stream. It is generally the quantity
retained by fly ash and bottom ash divided by the total quantity in the feed stream. CE is a
function of the plant design and of the chemical element (different isotopes are assumed to have
the same CE) in question, and of its chemical form, and it can range from 0.0 for noble gases
such as radon to greater than 0.99 for heavy metals such as uranium, thorium, and plutonium.
Further analysis of control efficiencies for sludge incinerators is contained in Appendix C.

Based on the review in Appendix C, control efficiencies, shown in Table 3.5, were developed for
this assessment that provide reasonably conservative estimates of the stack releases.
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Table 3.5 Incinerator Control Efficiencies, CE, and Release Rates, R for

Various Radionuclides

release ’

Isotope Control Efficiency Release Rate

Radon 0.0 1.76x10°* Bq/yr (4.75 x 107 Ci/yr)
Carbon 0.05 1.67x10® Bq/yr (4.51 x 10 Ci/yr)
Tritium 0.1 1.58x10® Bg/yr (4.27 x 107 Ci/yr)
Technetium 0.1 1.58x10° Bq/yr (4.27 x 107 Ci/yr)
Todine 0.3 1.23x10° Bg/yr (3.32 x 10° Ci/yr)
All Other Metals 0.9 1.76x10” Bq/yr (4.75 x 10™ Ci/yr)

A feed rate of R, = 13 metric tons (13 x 10° kg) of dry sludge per day (or 4.75 x 10° kg per
year) is assumed, the value adopted in the technical support document for the sewage sludge
incineration risk assessment for the Part 503 rule (EPA 1992a, Section 5.6.4), and unit-specific
activity of radioactivity 4 y,4.. = 37 Bq/kg (1 pCi/g). The release rates, calculated as above, are
also provided in Table 3.5.

The rate of deposition depends on the physical design of the stack. The modeling was based on
data from the Northeast Ohio Regional Sewer District (NEORSD) on the shortest stack for three
of their incineration plants. This stack, which produces the highest ground-level airborne
concentration at a local receptor, is typical of older incinerators. As with the offsite exposure to
agricultural application, the Gaussian Plume air dispersion model in the CAP88-PC code is used
to calculate an activity concentration in the air at various locations as determined by the local
annual average meteorological conditions. The assessment grid is a circular area, centered on
the stack, that is divided into 16 sectors; each sector has eight radial zones, with their midpoints
at 200 meters, 400 meters, 800 meters, 1200 meters, 1600 meters, 2400 meters, 3200 meters, and
4000 meters from the center of the circular assessment area. Since the dose assessment models
the exposure to a member of the critical group who resides at the location of highest P/Q and
who consumes primarily locally grown food, rather than a regional population, a smaller grid
area is appropriate. As before, the meteorological characteristics adopted were the default values
developed from data for Columbus, Ohio.

The point having the highest calculated airborne activity at ground level was found by
CAPS88-PC to be 150 meters from the stack. The dispersion factors are provided in Table 3.6.
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Table 3.6  Values of Deposition Velocity and Dispersion Factor, P/Q, for the
Various Radionuclides, Computed for the Incinerator Neighbor
Scenario by CAP88-PC, for Input to RESRAD-OFFSITE

Isotope—Nearby Town

Deposition Velocity (m/s)

P/Q (at 150 m) (s/m?)

H-3, C-14, Xe-131m, Rn-222 0 1.1x10°?°
Rn-220 0 58x10°°
1-125, I-131 0.035 1.1x10°°
All others 0.002 1.1x10°7°

RESRAD-OFFSITE code does not calculate “time-integrated” doses, so for the incinerator
scenario, where exposure from shorter lived radionuclides is common, “instantaneous” dose
rates will overestimate the actual annual dose. An adjustment factor (Decay Factor) is used to
account for the decay during the one-year exposure time period. For example, the decay factor
for I-131 is 0.032, while for long-lived radionuclides, the decay factor is 1. The decay factors

are given in Table 3.7 below.
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Table 3.7

Decay Factor Adjustments for Incinerator Neighbor Scenario

Radionuclide Decay Factor for Radionuclide Decay Factor
1 year for 1 year
Ac-227 0.98 Po-210 0.46
Am-241 1.00 Pu-238 1.00
Be-7 0.21 Pu-239 1.00
C-14 1.00 Ra-226 1.00
Ce-141 0.13 Ra-228 0.94
Co-57 0.65 Sm-153 0.0077
Co-60 0.93 Sr-89 0.20
Cr-51 0.11 Sr-90 0.99
Cs-134 0.85 Th-228 0.85
Cs-137 0.99 Th-229 1.00
Eu-154 0.96 Th-230 1.00
Fe-59 0.99 Th-232 1.00
H-3 0.97 T1-201 0.012
[-125 0.23 T1-202 0.047
I-131 0.032 U-233 1.00
In-111 0.012 U-234 1.00
K-40 1.00 U-235 1.00
La-138 1.00 U-238 1.00
Np-237 1.00 Xe-131m 0.047
Pa-231 1.00 Zn-65 0.62
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3.5 SLUDGE/ASH MANAGEMENT SCENARIOS

3.51 SLUDGE APPLICATION WORKER SOURCE

The sources of exposure to a worker who is applying sewage sludge to a field will be the field
itself and, to a lesser extent, the sewage sludge on the truck. The field will contain radioactivity
applied not only this year, but also in prior years. The sludge applied is assumed to be dry, dusty
material. Exposures will occur primarily through direct gamma irradiation, which is reduced but
not fully eliminated by the shielding the truck provides, and the inhalation of dust.

In view of the variability in procedures and type of equipment used, and the complexity of dose
contributions coming from past applications as well as from the current one, it is necessary to
simplify aspects of the problem. The cab of the truck is assumed to be simply a box. The sludge
application rate and tilling depth are the same as for the onsite resident. Rather than performing
a time-integral as the truck traverses the field in a raster or spiral patter, the driver is located at
the center of the full field; both external and inhalation doses would come mainly from the
immediate vicinity of the truck, and change little from place to place within the field—so the
dose would almost entirely be determined only by the time the driver spends working there.

3.5.2 PUBLICLY OWNED TREATMENT WORKS WORKER SOURCE

POTW operations are complex, and some readers may find a brief description of them to be
helpful. A POTW is a facility that takes in water-borne raw sewage for proper treatment. There
are two resulting products: (1) treated effluent water, which typically is released into nearby
surface waters, and (2) sewage sludge, which will be processed to a certain degree to meet
Federal and/or State regulatory requirements and to be beneficially used or properly disposed.

Because of the large volume of water being managed by the POTW, dilution will result in any
radioactivity in the influent sewage first entering the POTW to be of very low concentration. As
a result of the various physical, chemical, and biological treatment processes, however, a certain
amount of radioactivity may become concentrated in the sewage sludge and thereby be removed
from the wastewater, so that the levels of radioactivity present in the final treated effluent water
will be even lower. For this reason, the concern for POTW workers centers on operations that
require workers to be in close proximity to sludge or ash so as to be directly exposed to the
radioactivity in sewage sludge or ash.

Solid materials are initially removed from sewage sludge. The wastewater passes through a
series of treatment processes separating solids, removing certain dissolved materials, and
destroying certain organic materials in the water. Sludge is formed by means of sedimentation
of inert and non-organic matter in the primary treatment and by settling within basins
(“clarifiers”) or lagoons. When removed from the bottoms of sediment tanks, clarifiers, or
lagoons, the sludge is still mainly water, containing as little as 0.5% solids. This material is
commonly piped to a digester for stabilization and sometimes may be treated with lime. The
resulting sludge is around 5% solids. Often it is then hauled to nearby farmland and land-applied
as a liquid material. Alternatively, after this thickening it is sent by pipes or conveyers to a
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drying bed, mechanical de-watering devices (belt presses or centrifuges), and/or thermal
de-watering devices. The resulting produces may be‘“sludge cake,” usually 15% to 20% solids,
or dry sludge with even higher solids contents.

Much sewage sludge is used directly in sludge cake form, sent to a truck via a conveyor system,
and shipped to the fields. Some sewage sludge may be held in a composting area for certain
periods of time for pathogen control.” In Metro, it states that sewage sludge which is dealt with
in this manner meets the 40 CFR Part 503 Rule Class B pathogen requirements and is routinely
used as a fertilizer and soil amendment in ranching, forestry, and land reclamation projects
(Metro 2000).

Some POTWs may follow digestion and de-watering with biosolids processing, depending on
the intended end use or disposal of the final product. The sewage sludge may be processed to a
high level and sold as a relatively dry soil conditioner with solids content of 50%—-95%

(e.g., compost) or as a fertilizer (generally pelletized) product for application to fields, lawns, or
parkland. In these cases, the sludge may undergo additional treatments, such as drying, mixing
with other materials, or other modifications, during any of which there may occur worker
exposure.

For POTW operations, three different worker exposure subscenarios have been designed,
involving the sampling, processing, and loading of biosolids. For the first of these, the worker
obtains and carries a 1-liter sample containing 95% water and 5% sludge solids by volume, with
a sludge dry weight of about 0.075 kg (.165 lbs) (assuming sludge solids have a density of about
1.5 g/cm®). Thus a sludge sample with unit activity concentration of 37 Bg/kg (1 pCi/g) will
contain 2.8 Bq (75 pCi) of activity, and is considered a point source in this assessment.

For sludge processing, the worker stands near a conveyer belt carrying 10 liters/meter of unit
concentration sludge at 20% solids. The source is thus considered a line source with 111 Bg/m
(3000 pCi/m).

For biosolids loading, the worker carries out tasks near a circular pile of de-watered sludge
(porosity of 0.4 and dry bulk density 1520 kg/m?) that is 100 m? (.0247 acres) in area and 0.5 m
(1.64 ft) in thickness. Again, a unit activity concentration of 37 Bg/kg (1 pCi/g) is assumed.

7 Sludge that is composted ends up typically in the range of 40%—60% solids, and it is much like an organic
topsoil. This material can dry out further, but when placed in piles, the surface tends to seal over. The inner pile
material retains much of its moisture, so that the entire pile does not turn to dust.
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4 EXPOSURE SCENARIOS

This chapter describes in detail the exposure scenarios of the study. Each assessment starts with
the selection of a specific set of parameter values and distributions to be used as inputs to the
RESRAD family of codes. The RESRAD code employed for each scenario is listed in

Chapter 2 along with the individuals considered to be exposed. In the following subsections, a
table is provided for each scenario, indicating the exposure pathways considered to be active. A
second table delineates those modeling parameters that differ from the baseline values listed in
Appendix A.

A specific choice of modeling parameter values and distributions for a scenario reflects and
defines the characteristics of the site and of the exposed population. It also largely establishes
the degree of conservativeness of the calculation. For this study, an attempt was made to
construct scenarios to yield doses to “the average members of the critical group.” Here, the
“critical group” for a scenario refers to a sub-population with relatively high exposure to sludge
through close proximity or through the management practices described in the scenario. The
“average member” of the critical group is then defined by the pathway and the rate of exposure
to sludge-related radionuclides, based on average, or typical, conditions for the group. That is,
the environmental conditions and the behavior, and thus the rate of exposure, of the average
member of the critical group are intended to be plausibly conservative and not extreme-cases.

As noted earlier, most parameter values and distributions do not change from scenario to
scenario. A set of “baseline” parameter values and distributions has been defined, and these are
listed in Appendix A. The majority of these coincide with RESRAD default values, the
justification for which are explained in the RESRAD documentation. The relatively small
number of parameter values and distributions that are scenario-specific are explicitly listed and
discussed in each scenario description. For some of these, appropriate and credible references
led to the choice of particular parameter values or distributions; in other cases, the selection
resulted from discussions (sometimes lengthy) among the Work Group members and their
consultants. Because the scenarios have been devised to serve as generic sites rather than to
describe specific ones in detail, there are bound to be real situations to which they do not apply.
They are intended, however, to be as broadly representative as is reasonably achievable.

4.1 ONSITE RESIDENT

In risk assessment, the resident farmer family is often modeled as a bounding case study. A
similar but much more common situation, however, is that of people who inhabit homes built on
land previously used for farming—new houses are often constructed on former farmlands near
urban areas. In both scenarios, the exposure pathways are essentially the same. Because this is a
common trend in the United States, this Onsite Resident is the first and the most extensively
explored scenario out of the seven considered.

In this scenario, the source farm-field was amended one or more times in the past with sewage

sludge fertilizer that may have contained radionuclides, as discussed in Chapter 3. A house was
completed on the land one year after the last deposition of sludge, and thereafter it is inhabited
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by people who are not professional farmers. It is conservatively assumed that they produce
significant portions of their annual diet on-site in the same manner as the resident farmer.
Radionuclide transport did occur over the year(s) before the new residents came onsite and
continues after they arrive.

The relevant transport and exposure pathways assumed for this scenario are summarized in
Table 4.1a. Family members are exposed directly to external gamma emissions from
sludge-containing soil. They inhale resuspended dust and outdoor radon and, since the home is
built on land where sludge has been applied in the past, indoor radon as well. Doses from indoor
radon can vary greatly depending on the construction of a building’s foundation. For residential
homes, the three major foundation types for new construction are an enclosed crawl space, a
slab, and a basement. A simple slab-on-grade without excavation of the upper soil layer was
modeled in this assessment, since preliminary RESRAD calculations indicated that this allows
more radon diffusion into the house than the basement. The RESRAD code was not designed to
evaluate an enclosed crawl space foundation type, but it is plausible that (with a nearly airtight
crawl space) radon concentrations might be higher in such a situation because of a “chimney”
effect. In most situations, however, the crawl space is not airtight, so little radon is likely to
move into the house. As for the basement, there would be a much lower concentration under and
around the house post-excavation than for a slab construction house. In real houses, of course,
radon concentration depends strongly on the specifics of the design and construction, but that
level of detail is neither practicable nor appropriate for the generic scenario modeled here.

With respect to the ingestion pathways, the residents drink well water, and grow vegetables
(50%), fruit (50%), and fodder (100%), and raise a few animals for personal consumption

(100% of meat and milk), and they may inadvertently ingest small amounts of soil. It is assumed
that 90% of the drinking water for humans comes from a well located at the down-gradient edge
of the source field, and about 10% from uncontaminated sources (e.g., from a nearby town’s
treated waterworks) consumed while the resident is away from the property. Human ingestion of
contaminated surface water was considered to be unlikely, given the availability of well water,
but there may be exposure through fish caught from a local river or lake; fifty percent of the
annual diet of fish is from contaminated surface water. The food produced onsite is grown in
soil that has been treated with sludge and that is irrigated with groundwater and surface water
that contains radionuclides washed out of the sludge/soil mix. The soil ingestion pathway is
included, but a pica child who exhibits excessive hand-mouth activity or deliberate consumption
of soil is not considered. These ingestion assumptions are generally conservative.

Table 4.1b lists those parameter values or distributions that differ, for the Onsite Resident, from
the baseline, as indicated in Tables A.7, A.9, and A.11 of Appendix A. In nearly all cases (with
the exception of the POTW Workers), the baseline was set specifically for the Onsite Resident,
so almost no entries are needed in Table 4.1b.

The interpretation of some of the parameter entries in Appendix A requires a thorough
knowledge of RESRAD. Consider, for example, the assertion that 50% of leafy vegetables are
grown onsite. The baseline vegetable consumption value and distribution are presented in

Table A.7 in the subsection labeled Ingestion Pathway Dietary Data. The RESRAD Default
Value of -1 under Contaminated Fractions instructs the model to base its selection on the size of
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the site; for the Onsite Resident site, with a baseline area of 404,685 m?, the -1 flag leads
RESRAD to accept a contaminated fraction for vegetables, fruits and grains (or, equivalently,
the fraction of consumed vegetables, fruits and grains that are produced onsite) of 50%.
Likewise, the Contaminated Fractions for fodder, meat and milk are 100%. While 100% for
these last two may seem high, it was determined that cutting them significantly, such as in half,
would lead to a very small change in the DSRs in nearly all cases — so the RESRAD default
values have been retained. There are a few radionuclides that are exceptions, in which the meat
pathway contributes more then 30% to the total dose; these include Sr-89 and Sr-90 (~55%),
1-125 (~80%), Pb-210 (~70%), Po-210 (~90%), U-233, U-234, and U-238 (~55%), and Zn-65
(~30%). No radionuclides contribute more than 15% to the milk pathway.

Six sub-scenarios are used to investigate the dependence of calculated dose on the number of
years of application of sludge, given in Table 4.1b. The first sub-scenario performs a complete
probabilistic analysis for one year of application, making use of all the currently available
parameter distributions and sampling capability of RESRAD Version 6, apart from field size.
Sub-scenario two also considers only a single application, but it is fully deterministic; it serves
as a baseline for the deterministic computations for multiple years of application (as discussed in
Section 3.2.2) that follow. Sub-scenarios three through six use deterministic calculations to
examine the impacts of five, twenty, fifty, and one hundred years of accumulation of sludge
onsite, respectively. While very few land application sites in the country are known to have
applied sludge annually for more than 20 years, the 50- and 100-year computations were
included primarily for consistency with the technical support for EPA’s Standards for the Use or
Disposal of Sewage Sludge at 40 CFR 503, as a check on the data analysis methodology, and to
assist POTW operators in their consideration of future sludge management practices. As
discussed in connection with Equations 3.6a and 3.6b, the factor F, (the ratio of the n-year
deterministic to the 1-year deterministic doses) is used to scale the single-year probabilistic
results of sub-scenario 1 for multiple years of application.

The level of detail in Table 4.1b (the assumptions on site water versus town water, on well water
versus surface water, etc.) appears to be much less than that in Table 4.1a only because nearly all
the information in the latter is already incorporated into the set of baseline RESRAD parameter
values for this study, as summarized in Appendix A.
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Table 4.1a Onsite Resident Scenario Pathways

Human Pathway
Exposure Environmental Included? Comments
External radiation | Direct exposure Yes ?eger;cultural field; soil / sludge mixture 15 cm
Resuspended dust Yes Mass loading represents an average value; dust
from top 15 cm (mixture region)
Inhalation House sits on contaminated zone surface;
Indoor radon Yes diffusion in through slab foundation; exchange
with outdoor air; radon also from water.
Outdoor radon Yes Radium in contaminated soil
o/ : .
Groundwater Yes 90 0A> ingested water from onsite well,
10% from uncontaminated sources
Ingestion of water
Surface water No People with wells generally do not drink
surface water.
Irrigation water Yes 50% from well, 50% from surface waters
Ingestion of Dust Deposition Yes Plants contaminated through foliar deposition
plants of dust.
Root uptake Yes Plants contaminated through root uptake.
Livestock water Yes 50% from well, 50% from surface waters
Livestock soil Yes Soil consumption by livestock
Irrieation Root uptake of, and foliar deposition of,
wa t%a . Yes contaminated water. Water 50% from well,
Ingestion of 50% from surface waters.
meat / milk
Fodder | Dust ] o
deposition Yes Foliar deposition of dust
Root . .
uptake Yes Root uptake from contaminated soil
Ingestion of fish Surface Yes Consumption of fish from contaminated
surface water
Ingestion of soil Surface soil Yes Dirt from hands, etc. Pica child not
considered.
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Table 4.1b Onsite Resident Scenario and Sub-Scenario Parameters and
Distributions

Subscenario Parameter Value/Distribution Comments
1 Appendix A Baseline | Probabilistic, except
(Uncertainty) distributions, values, | land area
except...

1 Years of application 1 All other parameter
values and distributions
are baseline from
Table A.7.

2-6 Appendix A Baseline | Deterministic

(Deterministic) values, except...
All Log or linear Linear So as to obtain annual
spacing dose results for each
year

All No. of graphic 1024 Maximum permitted by

points RESRAD. Data from
graphical points (one at
each year from 0 to
1023) are used to
calculate scaling
factors.

2 Years of application 1 Replace distributions
with point values (see
Sections 2.4.2, 3.2.2)

3 Years of application 5 !

4 Years of application 20 !

5 Years of application 50 "

6 Years of application 100 "

4.2 RECREATIONAL USER ON RECLAIMED LAND SCENARIO

The Recreational User scenario takes place on a land reclamation site where there occurred a
single large application of sludge which is incorporated into the soil to help reclaim an area
disturbed severely by mining or excavation. It is a common practice, where possible, to attempt
to incorporate the sludge and other soil additives, such as agricultural lime, manure, etc., into the
surface material of the reclamation site by discing or other tillage practices. This helps to
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prepare the area to support the establishment of a sustainable vegetative cover. Typically, no
separate cover is applied in such treatment.

It will take some time before trees and other plants establish themselves and animals come to
inhabit the site. The present analysis assumes that three years after sludge application, when a
sustainable vegetative cover is in place (and after short-lived isotopes have largely decayed
away), the site is opened to the general public for hiking, camping, picnicking, boating, hunting,
fishing, and other residential uses. No residential homes are constructed, nor is there any
agriculture.

Of the various recreational users, the hunter-fisherman who consumes game and fish obtained
onsite is likely to be the most highly exposed. Recreational users are assumed to spend one
week per year outdoors in the area. (The doses from all exposure pathways except game meat
consumption can be scaled linearly to account for shorter, longer, or multiple visits.) Game such
as deer will eat plants that may have extracted radionuclides from the soil, and they will drink
potentially contaminated surface waters. A hunter kills a single deer (typically the legal limit);
he eats a portion of it over the course of the following year. Likewise, fish will take up
radionuclides that reach surface waters; but unlike the situation for deer meat, it is assumed that
nearly all fish caught are eaten onsite.

Also included in the modeling are external exposure, inhalation of contaminated dust, and soil
ingestion. The source and availability of water will vary from place to place. Some sites will
have wells for drinking water and washing, while at others, users may have to rely on surface
water. It is assumed here that people drink from a well, and wildlife drink surface water. The
exposure pathways are summarized in Table 4.2a, and parameter distributions and values
specific to this scenario (i.e., those that are not baseline) appear in Table 4.2b. Also not listed in
Table 4.2b are those values that explicitly apply to indoor activities, or to irrigation, or to the
consumption by humans of surface water, fruit, grain, leafy vegetables, or milk obtained onsite
(since these pathways are considered to be not in operation). In cases where a pathway has been
turned off in the model, some parameters have been left at their baseline values—which, of
course, has no effect on the dose calculation.
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Table 4.2a

Recreational User on Reclaimed Land Pathways

H . Path
uman Environmental Pathway atiway Comments
Exposure Included?
External .
xermna Direct exposure Yes
radiation
Resuspended dust Yes
Inhalation Indoor radon No
Outdoor radon Yes
Ingestion of Groundwater Yes All well water
water Surface water No
Irrigation water No No farming, irrigation
I ti f ..
neestion o Dust deposition No
plants
Root uptake No
Livestock (game) water Yes Deer drink surface water.
Livestock (game) soil Yes
Ingestion of Irrigation water No No irrigation
meat / milk Dust d " v
Fodder ust deposition es
Root uptake Yes Vegetat.ion for d;er grows in
contaminated soil.
I ti f
neestion o Surface water Yes
fish
Ingestlon of Surface soil Yes
soil
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Table 4.2b Recreational User Scenario Parameters and Distributions

Parameter Value/Distributions | Comments

Livestock (i.e., deer) 1

water contamination

fraction

Plant food contamination 0

fraction

Meat (deer) 1

contamination fraction

Aquatic food 1

contaminated fraction

Livestock fodder intake 2.7kg/d From Wildlife Exposure Factors

for meat (kg/d) Handbook (EPA 1993b), Allometric
Equations for herbivore mammals for a
250 1b (~114 kg) deer (Whitetail deer
from Nebraska Game and Parks
Commission)

Livestock water intake 7L/d From (EPA 1993b) Allometric Equations

for meat (L/d)

Livestock intake of soil 0.02 Deer prefer leafy plants. Value obtained

(kg/d) by scaling the Baseline rate of ingestion
of grass by a cow. Assume all vegetation
eaten onsite.

Groundwater fraction for 0 Deer drink only surface water.

livestock water

Storage time for meat (d) 182.5 Deer meat consumed over 365 d.

Storage time for fish (d) 0 Fish eaten right away.

Meat transfer factor
(pCi/kg per pCi/d)

Baseline values

Use cattle values and distributions as was
done in the Part 503 rule.
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4.3 NEARBY TOWN RESIDENT SCENARIO

The Nearby Town Resident scenario is designed to assess the doses to members of the public
living in a town, the proximal edge (and critical group) of which is located about 800 m

(0.5 mile) downstream (for both ground- and surface-water) and downwind from an agricultural
field where sludge has been applied for one or more years. None of the receptor population
resides on the site where sludge was applied, nor do the local people eat a significant amount of
food grown there, so that all exposure pathways involve physical transport of radionuclides from
the source field to the town or to neighboring fields. (Dust that settles on other fields and affects
crops there—or is then resuspended and blows into the town—is assumed to be of much less
consequence than dust from the primary field.)

Primary pathways include airborne transport of contaminated dust from the source field either to
the town or to other fields, and runoff of contaminated soil into a lake or river that supplies water
for the town and neighboring farms. Another possibly important pathway is leaching of
radionuclides into the groundwater and into the surface water. Townspeople may inhale dust
blown from the sludge-applied field, or be exposed to dust that has settled on the streets or other
areas of the town, or drink contaminated water from local wells or from nearby surface water, or
ingest plants grown in nearby fields that are contaminated by the airborne dust, etc. A body of
surface water is available for fishing. It is located midway between the sludge-applied field and
the receptor, and can be contaminated by groundwater flowing from the primary site.

All of these mechanisms involve dilution of the source material prior to exposure of the Nearby
Town Residents or of nearby farms (where food is produced for local consumption), and it was
expected that this scenario would yield dose values much lower than those of the Onsite
Resident. The possibility of more than a few people being exposed, however, does add
relevance to the case.

Exposure pathways for the Nearby Town scenario are described in Table 4.3a, and the
non-baseline parameters are described in Table 4.3b.
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Table 4.3a

Nearby Town Resident Pathways

Human Environmental Pathway Comments
Exposure | Pathway Included?
External Contamination of surface soil in town;
radiation Direct exposure Yes dust deposited by airborne transport from
the field
Atmospheric transport from
Suspended dust Yes contaminated field
Diffusion of radon into basements from
Inhalation | Tndoor radon No surrounding soil; nearly all radon
entering basements will be from native,
local soil, not from sludge.
Outdoor radon Yes Air transport and radon emanation from
deposition of contaminated dust
Town uses treated and monitored water,
Ingestion Groundwater No so actual radionuclide content would not
of water exceed MCLs.
Surface water No Town uses treated and monitored water.
Irrigation water No Town uses treated and monitored water.
Ingestion Dust deposition Yes
of plants . .
Root uptake Yes Root uptake from soil contaminated by
P atmospheric transport.
Livestock water No Town uses treated and monitored water.
Livestock soil Yes
. Irrigation )
Ingestion wa ti . No Town uses treated and monitored water.
of
meat/ milk Dust
Fodder ust Yes
deposition
Root
Yes
uptake
Ingestion Surface water Yes
of fish
Ingestion . Atmospheric transport from
i Surface soil Yes : )
of soil u contaminated agricultural field.
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Table 4.3b Nearby Town Resident Scenario and Sub-Scenario Parameters and
Distributions

Subscenario Parameter Value/Distribution Comments
1 Appendix A baseline
(Uncertainty) values and

distributions, except...

1 Years of application 1yr

Fraction of water from 0 Household water and

surface body irrigation water are not
contaminated. They are

— Household purposes 0 not from a local well or

— Beef cattle 0 surface water body.

— Dairy cows 0

— Irrigation for fruit, grain, | 0

non-leafy vegetable field
— Irrigation for leafy

vegetable field 0
— Irrigation for livestock

pasture and silage field 0
— Irrigation for livestock

grain field
0
Fraction of water from well 0 Household water and
irrigation water are not
contaminated
c/Q, all see Table 3.2
2-6 Appendix A baseline
(Deterministic) and Subscenario 1
values, except...
all Number of intermediate time | 1024 To obtain annual dose
points results for the considered
time frame of 1000 years.
all Times at which output is 1023 To obtain annual dose
reported results for the considered
time frame of 1000 years
2 Years of application lyr
3 Years of application 5yrs
4 Years of application 20 yrs NA
5 Years of application 50 yrs NA
6 Years of application 100 yrs NA
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44 LANDFILL/SURFACE IMPOUNDMENT NEIGHBOR SCENARIO

In two sub-scenarios, people live in a house near (150 meters) the boundary of either
(a) a municipal solid waste (MSW) landfill or (b) a surface impoundment where sewage sludge
or ash is buried. Source characteristics were discussed in Section 3.3.

While not professional farmers, the landfill neighbors do some gardening and raise a few animals
for personal consumption. The landfill or impoundment is fenced in, and neither the neighbors
nor any animals spend any time on it.*

Each of these sub-scenario extends over three distinct time-periods, during which the site is
(1) being filled with sludge and waste, (2) being monitored after filling is complete (required to
be 30 years under RCRA regulations), and (3) past the 30-year monitoring period.

1. The time of active landfill operation is relatively short. It is assumed that a liner prevents
contaminants from leaching into the ground water” (i.e., the leachate is captured, treated and
released) and that groundwater is monitored. The sludge is presumed to be moist, moreover,
with little suspension of dust. The fact that the sludge sits primarily below grade keeps the
direct gamma exposure of any neighbors low.

2. Over the subsequent 30 years, the liner remains intact or is repaired if leakage is detected, and
an engineering barrier (i.e., an impermeable cover) prevents contaminant runoff into
neighboring surface waters or airborne releases. Decay and ingrowth are accounted for in the
model, but there are no active pathways by means of which radioactive material can expose
people.

3. Only the third period need be analyzed in this scenario. For simplicity, it is assumed that the
cover is a relatively impermeable clay and that the liner is a compacted clay (i.e., drainage
layers and geo-membranes are not used), with standard default properties.

In both sub-scenarios, the cover thickness and erosion rate have default values, so that cover
breakthrough occurs halfway through the 1,000-year calculation period. The integrity of the
cover and liner would determine the water infiltration rate to deeper soil, but no actual data are
available to correlate the integrity condition with the infiltration rate. Previous data on
RCRA-D leak detection systems show an infiltration rate ranging from 0.004 cm/yr to 16 cm/yr
(0.0016 in./yr to 6.3 in./yr), with a typical value of 0.9 cm/yr (0.35 in./yr). Preliminary analyses
using the HELP model showed that the infiltration rate can range from 3.3 cm/yr (1.3 in./yr) for
a conservative case to 22 cm/yr (8.7 in./yr) for a very worst case, so a value of 3.3 cm/yr

(1.3 in./yr) was used for the deterministic calculations. For the uncertainty calculation, the

8 Someone building a residence directly on a landfill far in the future might well experience a higher dose than
someone living near it, but many states have laws prohibiting such an intrusion; even without such institutional
control, moreover, deeds should record that a landfill once occupied the site, making construction there unlikely.
The landfill neighbor scenario would thus seem to be more plausible and realistic than that of the intruder.

9 Typical leakage rates through RCRA D landfills have been measured to be about 1 cm/yr, which is considered
negligible in the context of this generic assessment.
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infiltration rate was assumed to have a uniform distribution with a range of from 3.3 cm/yr
to 22 cm/yr (1.3 in./yr to 8.7 in./yr).

The value of the runoff coefficient, which determines the relative amount of precipitation that
flows off-site, was tailored to the selected infiltration rate, with a range of from 0.413 to
0.916 chosen. To avoid a situation in which the infiltration rate would be greater than the soil
hydraulic conductivity, the hydraulic conductivity of the liner was set equal to the infiltration
rate value, and was correlated with the runoff coefficient in the uncertainty calculation.

The other specific pathways and parameters, which are similar to those of the Onsite Resident
scenario, are shown in Tables 4.4a and 4.4b.
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Table 4.4a Landfill Neighbor Pathways—Post-Monitoring Period

Human Pathway
Exposure Environmental Pathway | Included? | Comments
External .
xermna Direct exposure Yes
radiation
Suspended dust Yes Cover has been eroded/disturbed.
Inhalation Indoor radon No ?it(;use is not on sludge disposal
Outdoor radon Yes Cover has been eroded /disturbed.
_ Groundwater Yes 90% ingested water from well,
Ingestion of 10% from uncontaminated sources
water
Surface water No
. 50% from well, 50% from surface
Irrigation water Yes . .
waters, foliar deposition of water
‘ Dust deposition Yes Mainly from air dispersion of the
Ingestion of sludge material
plants . .
Soil becomes contaminated
Root uptake Yes becguse o‘f depos1t19n of ‘
radionuclides resulting from air
dispersion and irrigation.
. % fi 11, 50% fi f:
Livestock water Yes 50% from well, 50% from surface
waters
Livestock soil Yes
Ingestlog of . 50% from well, 50% from surface
meat / milk Irrigation water Yes
waters, root uptake
F .
odder Dust deposition Yes
Root uptake Yes
Ineestion of Surface water becomes
fi S‘i Surface water Yes contaminated through runoff of
radionuclides from the landfill.
Ingestlon of Surface soil Yes
soil
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Table 4.4b Landfill Neighbor Scenario Parameter and

Distributions—Post-Monitoring Period

Initial activity:
Subscenarios 1 & 2 = 0.025 pCi/g;
Subscenarios 3 & 4 =1 pCi/g

Parameter Value / Distribution Comments
Appendix A baseline values and distributions, except...
Nuclide concentration (pCi/g) Decay/ingrowth for 30 years See Chapter 3.

Primary Contamination Area
Parameters

Area of primary contamination 10,000 About 2 acres

(m?) (EPA, 1988b)

Length of contamination parallel | 100 Square root of area

to aquifer flow (m)

Depth of soil mixing layer (m) 0.15 Default plowing depth

Runoff coefficient

0.916/Uniform(0.413, 0.916)

To get an infiltration rate ranging
from 0.03 m/yr to 0.22 m/yr

Irrigation applied per year (m/yr) | 0 No irrigation on the landfill area

Cover

Thickness (m) 0.5 Standard thickness for clay layer

Bulk density (g/cm’) 1.52

Total porosity 0.427 HELP model default (Schroeder
et al, 1994)

Soil erodibility factor 0.3 Default value of
RESRAD-Offsite, results in
erosion rate of 0.001 m/yr.

Volumetric water content 0.427 Set to the total porosity value to
obtain the desired infiltration rate.

Contaminated Zone

Thickness (m) 2 Total 20,000 m® of sludge or

waste

for surface impoundment

Total porosity 0.671 for MSW landfill and 0.427 | From Table 3.3 for MSW landfill,
for surface impoundment for surface impoundment, the
value corresponds to that of
sewage sludge.
Dry bulk density (g/cm’) 1.18 for MSW landfill and 1.52 The average value of the range as

specified in Table 3.3 is 1.18.
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Table 4.4b Landfill Neighbor Scenario Parameter and

Distributions—Post-Monitoring Period (continued)

Parameter

Value / Distribution

Comments

Field capacity

0.292 for MSW landfill and 0.2
for surface impoundment

From Table 3.3 for MSW landfill,
0.2 is the RESRAD default value.

Hydraulic conductivity (m/yr)

315 for MSW landfill;
9.974/{Bounded LogNormal (2.3,
2.11, 0.004, 9250)} for surface
impoundment

From Table 3.2 for MSW landfill,
soil value for surface
impoundment

Unsaturated zone 1 (liner)

Thickness (m)

0.5

Standard thickness for clay layer

Hydraulic conductivity (cm/s)

0.03 / {Uniform(0.03,0.22)}

Same as the infiltration rate

progeny

Total Porosity 0.427 HELP model default (Schroeder
etal., 1994)

Air Transport Parameters

Ingrowth factor for Rn -222 0.265

¢/Q, all

see Table 3.4

Adjusted CAP88PC value for a
wind speed of 4.24 m/s at 150 m

Groundwater Transport
Parameters

Distance from down-gradient
edge of contamination to well in
the direction parallel to aquifer
flow (m)

150

Collocate the well with the
receptor.

Distance from down-gradient
edge of contamination to surface
water body in the direction
parallel to aquifer flow (m)

150

Collocate the surface water body
with the receptor

External Radiation Shape and
Area Factor

Off-site

Scale (m)

600

Receptor location X (m)

506

Circular landfill, 56 m radius,
receptor is 150 m from its edge.

Receptor location Y (m)

300
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4.5 INCINERATOR NEIGHBOR SCENARIO

The Incinerator Neighbor scenario models the potential for exposure of a member of the public
residing near a typical sewage sludge incineration facility. The incinerator burns de-watered
sludge, and the resulting exhaust gas is released from the top of a stack as a plume, some of
which settles onto the Neighbor’s property. The exposed individuals reside on a small, farm
located at the point of maximum average annual air radionuclide concentration of the plume at
ground level. The farm already existed when the incinerator facility was constructed, so
exposure begins immediately after the POTW begins burning sludge. The incinerator will
operate at nearly 100% capacity for 50 years, after which it is shut down and decommissioned.
Since the residual ash from the process has no impact on the critical population group, it is not
considered here. Table 4.5a summarizes the applicable pathways. Residual exposure and dose
from plant operations are modeled out to 1,000 years.

The Incinerator Neighbor receives doses from external exposure, inhalation, and ingestion.
External exposure occurs from submersion in the plume, and from radiation emitted by nuclides
that have been deposited on the ground. Inhalation of activity 